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Abstract 

 

  In order to mitigate the decay phenomena induced by liquid water adsorption and 

penetration, new protective coating agents with high hydrophobicity, photo-oxidative 

stability and good solubility in non-toxic solvents are needed. In the present study, a 

partially fluorinated oligoadipamide bearing pendant PFPE segments (FAD) together 

with two diamides i.e., ethylenediamide (DC2) and hexamethylenediamide (DC6) 

incorporating perfluoropolyether (PFPE) segments, were synthesized via condensation 

reactions. The diamides are only soluble in chlorofluorocarbons, while the 

oligoadipamide is soluble in alcohols and hydro-alcoholic solvents e.g., ethanol, 

2-propanol. The polymerization degree, together with the molecular weight and 

molecular weight distribution of oligoethylene-adipamide evaluated by 1H-NMR 

spectroscopy, was found very low which allowed to obtain a partially fluorinated 

amide with a high fluorine content (57%). To determine the protective performance of 

the new FAD, a series of standard tests were conducted on Lecce stone and Carrara 

marble samples. Regarding water repellence, compared with a commercial 

fluoroelastomer tested as a reference material, FAD demonstrated much higher water 

repellence when applied on Carrara marble samples, and comparable hydrophobic 

effect when applied on Lecce stone samples. In comparison with the two diamides, 

tested on Lecce stone, the oligoamide manifested similar protective efficacy with a 

much less amount applied (15 g/m2 versus 154/150 g/m2). In addition to its high 

hydrophobicity, FAD also preserved the original vapor permeability and chromatic 

features of coated surfaces. With these favorable properties, this new oligomeric 

product is ought to be proposed as protective coating material for stone heritage. 
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1. Introduction 

 

The survival of our mankind’s stone heritage is challenged by severe, diverse 

degradation events that derive from environmental origins, anthropogenic and 

biological behaviors [1-6]. Among all deteriorating agents, liquid water has been 

regarded to take the highest responsibility for stone decay. Since water not only causes 

dissolution of binding media in stone, it also brings in atmospheric pollutants e.g., 

elemental carbon, carbonates, sulfur and nitrogen compounds, metallic particles which 

may promote the decay processes [3, 7]. Since ancient times, in order to prevent contact 

with extraneous deteriorating substances, especially polluted atmospheric water, a 

hydrophobic barrier film is commonly created on stone surfaces by applying natural or 

synthetic materials [8]. In modern times, synthetic products such as acrylic resins, 

silicon based resins and fluorinated polymers are very popular attributing to their good 

hydrophobicity, chemical compatibility, stability and in some cases, the ability of acting 

also as consolidation agents [9- 11]. Yet, they also show several drawbacks in long-term 

use. Acrylic polymers have poor photo-oxidative stability due to structural reasons, 



while silicon based resins are reactive with some specific stones and may become 

insoluble after in-situ polymerization [12-16]. 

Fluorinated polymers, particularly perfluoropolyethers (PFPE) (Scheme 1) and their 

derivatives have been suggested and applied as water repellents for stone conservation 

since 1980s [17-19].  

 

Scheme 1 

where X= -CF3 (named YR), -COOH, -COOCH2-CH-(CH2)2, 

-CONH-CH2-CH-(CH2)2 (named IBA).  

 

Owing to high bond energy of C-F bond and to highly electronegative fluorine atoms, 

PFPEs possess high hydrophobicity, high chemical, thermal and photo-oxidative 

stability. Fomblin YR®, the non-functionalized oil (X= -CF3 in scheme 1), derived from 

photo-oxidation of hexafluoropropene, was the first PFPE compound used for stone 

protection [17]. However, it has poor adhesion to stone substrates, which is insufficient 

to maintain the oil in place, leading to surface migration or absorption by the porous 

substrate. This phenomenon results from the inadequate intermolecular interaction 

provided by the lone pair of electrons on oxygen atoms. As a consequence, the 

treatment efficacy (hydrophobic properties) decreases dramatically with time. Later, a 

significant improvement in application was accomplished by introducing functional 

derivatives of PFPEs, among which the amide derivatives (IBA in Scheme 1 and DC6) 

have manifested the best performances [18, 19]. The problem of poor adhesion was 

addressed, and satisfying protective effects were achieved. Whereas, the limited 

solubility of mono- or di-amide in chlorofluorocarbons (CFCs), i.e. 

1,2,2-trichloro-1,1,2 trifluoroethane (A113) has retarded their wide application, since 

CFCs have been banded worldwide for inducing ozone depletion. Eligible protective 

materials for artworks are required to have good solubility in non-toxic, 

environmentally benign solvents. 

Considering the basic requirements of protective treatments on artifacts and the 

limitations of commercial materials available on market, new products that integrate 

high hydrophobicity, stability and good solubility in non-toxic solvents are urgently 

needed. Recently, innovative hybrid nanocomposites based on boehmite nano-particles 

and methacrylic-siloxane monomers were proposed as protective coatings for 

carbonate stones [20,21]. Though these new materials showed promising properties, 

mainly in terms of hydrophobicity, vapor permeability, and durability to weathering 

agents, their expected insolubility after curing may compromise the reversibility of the 

treatment. Moreover, the chromatic changes of the treated surfaces do not always fulfill 

the requirements of cultural heritage conservation. We herein report the synthesis, 

characterization and testing of a new oligoamide bearing pendant PFPE segments 



which has good solubility in alcohol and hydro-alcoholic solvents (e.g., ethanol, 

2-propanol), also after application on stone substrates (reversible treatment). A series of 

standard tests were carried out, and satisfactory results were obtained by comparing its 

performance with those of a commercial fluoroelastomer (N215) and other low 

molecular weight PFPE bearing diamides, such as DC2 and DC6. In addition to 

endowing high hydrophobicity, the new oligoamide also preserves the original vapor 

permeability and chromatic features of coated stone substrates.  

 

2. Experimental 

 

2.1 Chemicals 

 

Ethylenediamine (>99.5%) (C2) was purchased from Fluka. Diethyl adipate (99%) 

and hexamethylendiamine (>98%) (C6) were purchased from Sigma-Aldrich. Absolute 

ethanol, acetone and anhydrous diethyl ether are products of J. T. Baker. 2- Propanol 

(>99.5%) was purchased from EMSURE. Galden acid (monocarboxylic acid of PFPE 

with Mn≈900) and 1,2,2-trichloro-1,1,2 trifluoroethane (A113) were kindly supplied by 

Ausimont S.p.A. Fluoroelastomer (poly hexafluoropropene-co-vinylidene fluoride, 

Mw≈125,000) (N215) was kindly supplied by Solvay Solexis-Milan. A113 was 

distilled before use, while all the other chemicals were used as received without further 

purification.  

Methyl and ethyl esters of Galden acid were prepared by esterifying the Galden acid 

with absolute methanol/ethanol prior to use. The average molecular weight was 

determined by alkali titration. The esters were prepared by heating the acid with 

alcohols in excess, removing the azeotropic mixture water-alcohol formed 

continuously by rectification [18].   

The syntheses of amides were carried out under nitrogen atmosphere using standard 

Schlenk line techniques. The kinetics of all reactions was monitored by FT-IR 

spectroscopy at regular intervals till completion. The final products were characterized 

by FT-IR and NMR spectroscopy (1H, 19F). 

 

 

2.2 Synthesis of partially fluorinated oligoadipamide 

  

2.2.1 Synthesis of oligoadipamide (ADC2) 

In a two-necked 100 ml flask, equipped with a reflux condenser and a dropping 

funnel, ethylenediamine (1.429 ml, 24.75 mmol) was introduced under nitrogen. Under 

vigorous stirring, diethyl adipate (1 g, 0.9911 ml, 4.95 mmol) was then added dropwise 

through the funnel. The flask was placed in an oil bath for reaction at 95 °C for 22 hours. 

The resulting yellowish precipitate was washed with 10 ml of diethyl ether for 3 times 

and concentrated under vacuum. The product recovered was white solid (0.897g, yield 

61%). The product was characterized by FT-IR spectroscopy (Table 1), 1H-NMR and 
13C-NMR spectroscopy (Table 2), and the number-average molecular weight was 

estimated by 1H-NMR spectroscopy as well  



 

 

2.2.2 Synthesis of partially fluorinated oligoadipamide (FAD) 

The same reaction apparatus for oligoamides synthesis was adopted. In a two-necked 

100 ml flask, 2-propanol (5 ml) was added to the oligoadipamide (0.15 g, 0.5065 mmol) 

under vigorous stirring. After formation of colloidal solution, ethyl ester of Galden acid 

(0.894g, 1.016 mmol) in 2 ml of A113 was introduced dropwise through dropping 

funnel. 3 ml of 2-propanol was added lastly in order to wash the dropping funnel. The 

mixture was stirred for 20 hours at room temperature. The flask was then placed in an 

oil bath for reaction at 65 °C for 40 hours. The white precipitate formed at room 

temperature was partially dissolved when the mixture was heated. After solvent 

evaporation under reduced pressure and purification with 5 ml of A113 for 3 times, 

0.941 g (yield 95%) of slightly yellowish, waxy product was recovered. The product 

was further characterized by FT-IR spectroscopy (Table 1) and 19F-NMR spectroscopy 

(Table 3).  

 

2.2.3 Synthesis of hexamethylenediamide (DC6) /ethylenediamide (DC2) of Galden 

acid 

In accordance to [18], the same reaction set-up and procedures were used for the 

syntheses of the two diamides. The synthesis of hexamethylenediamide was described 

as a typical example. 

In a two-necked 100 ml flask, equipped with a reflux condenser and a dropping 

funnel, hexamethylenediamine (0.49 g, 4.2 mmol) in 10 ml of A113 was introduced 

under nitrogen. The methyl ester of Galden acid (7.7 g, 8.5 mmol) was then added 

slowly under nitrogen atmosphere and moderate stirring, through the dropping funnel. 

The reaction completed in 6 hours at room temperature. 7.7 g of yellowish material was 

recovered after solvent distillation at reduced pressure. The raw product was then 

treated with active carbon in 10 ml of A113. At last, 7.4 g (yield 95%) of oily, dense, 

colorless and transparent product was obtained after filtration (filter ranging from 8 to 

0.8 microns), washing again with A113 and evaporation of solvent at reduced pressure. 

The final product was characterized by FT-IR spectroscopy (Table 1), 1H-NMR and 
19F-NMR spectroscopy (Tables 2 and 3). Meanwhile, ethylenediamide with PFPE 

segments (DC2) was characterized by FT-IR spectroscopy (Table 1),1H-NMR and 
19F-NMR spectroscopy (Tables 2 and 3) as well.  

  



 

Table 1 Main absorptions of the FT-IR spectrum of the synthesized products 
 The spectrum was acquired in diamond anvil cell; 

^
 The spectrum was acquired between KBr windows 

Product Absorption (cm-1) 

N-H C-H C=O N-H C-N C-F 

ADC2 3295 

3082 

2938 

2857 

1637 1554 1441  

FAD 3296 

3089 

2949 1705 (Rf-C=O) 

1641 

1559 1440 1400-900 

DC6^ 3315 

3100 

2944 

2866 

1708 (Rf-C=O) 1553 1444 1400-900 

DC2^ 3318 

3107 

2956 

2881 

1707 (Rf-C=O) 1553 1441 1400-900 

 

  



Table 2 Characteristic 1H-NMR and 13C-NMR chemical shifts of the synthesized products 

Product 1H-NMR chemical shifts (ppm)  

-NH-CH2-CH2-NH- H2N-CH2-CH2- H2N-CH2- -NH-CO-CH2- -CH2-CH2-CH2-CH2- -CO-NH- -CO-NH-CH2- -CH2-CH2-CH2- -CH2-CH2-CH2-CH2- 

ADC2* 3.27   (s, 4H) 3.20  (t,2H) 

(JH-H = 6.2 Hz)  

2.64   (t,2H) 

(JH-H = 6.2 Hz) 

2.23  (s, 2H) 1.54    (s, 4H)     

DC6^      7.51 (s, 1H) 3.36  (s, 2H) 1.61 (s, 2H) 1.40  (s, 4H) 

DC2^ 3.58    (s, 4H)     8.39 (s, 1H)    

ADC2 

13C-NMR chemical shifts (ppm) 

C=O H2N-CH2-CH2- H2N-CH2-CH2- -CO-NH-CH2-CH2-NH-CO- -CH2-CH2-CH2-CH2- 

177.0     (s) 41.4     (s)  39.9     (s) 38.7     (s) 35.5     (s) 
*The spectrum was acquired in D2O at 399.921 MHz; ^The spectrum was acquired in A113 at 299.949 MHz;  The spectrum was acquired in D2O at 100.571 MHz 

 

 

Table 3 Characteristic 19F-NMR chemical shifts of the synthesized products 

 

Product 19F-NMR chemical shifts (ppm) 

-O-CF2-CONH- -CF(CF3)-CONH- -CF2-O-CF2-CONH- -O-CF2-CF(CF3)-O- 

FAD* -77.3     (s, 2F) -81.3     (s, 3F) -86.5     (m, 2F) -145.9    (m, 1F) 

DC6^ -75.8     (s, 2F) -82.6     (s, 3F) -85.1     (m, 2F) -132.3    (m, 1F) 

DC2^ -75.6     (s, 2F) -82.6     (s, 3F) -85.5     (m, 2F) -132.2    (m, 1F) 

*
 The spectrum was acquired in CD3OD at 376.5 MHz; ^The spectrum was acquired neat at 282.203 MHz. 

 

  



 

2.3 Products characterization 

 

A Perkin Elmer (Spectrum 1000) Spectrometer was used to record the FT-IR spectra. 

Two types of supporters for analytes were adopted: the potassium bromide (KBr) 

windows and the diamond anvil cell. All spectra were recorded in the mid-IR range 

(4000 cm-1 to 400 cm-1). A resolution of 2 cm-1 and 16 scans was used for liquid and 

semi-solid samples on KBr windows. Whereas, a resolution of 2 cm-1 and 64 scans 

were used for rigid samples on the diamond anvil cell. 
1H- and 13C-NMR spectra were obtained with a Varian VXR400 (or Varian VXR300) 

spectrometer operated at 399.921 (or 299.949) MHz and 100.571 MHz respectively, 

while 19F-NMR spectrum was obtained with a Bruker Avance III (or Varian VXR300) 

spectrometer operated at 376.5 (or 282.203) MHz. 1H-NMR and 13C-NMR shifts are 

reported in ppm relative to tetramethylsilane (TMS) at 0 ppm, and 19F-NMR shifts are 

reported in ppm in respect to CFCl3 at 0 ppm.  

 

2.4 Stone materials 

 

Samples of two lithotypes, Lecce stone and marble (Fig. 1), were selected based on 

four sequences of water absorption tests previously conducted under the guidance of 

Norm UNI-EN 15801-2010 [22]. Specimens that demonstrated the most constant water 

absorptivity (amount of water absorbed within a certain time range, typically 60 min 

and 120 min) were chosen for subsequent treatment and tests. Lecce stone, widely used 

mainly in South Italy, is a kind of biocalcarenite. It has a rough, beige surface, 

characterized by homogeneous and fine grains (grain size distribution between 100 and 

200 µm) between which microfossils are commonly seen. The water porosity is around 

36-47%, with pore size ranging from 0.1- 2 µm [23, 24]. The Lecce stone samples were 

previously cut in dimension 5*5*2 cm3. Carrara marble, quarried from north Tuscany 

in Italy, has been extensively employed for construction since ancient times. Its main 

mineralogical constituent is calcite (CaCO3) associated with small percentages of 

accessory minerals which influence color and veining. The water porosity is about 2%, 

with pore size distributing from 0.0001- 1 µm [25]. Marble samples are also in 

dimension 5*5*2 cm3. For performance testing, three samples of each lithotype were 

used for each product treatment together with other three samples serving as references. 

 

  
Lecce stone Carrara marble 

Figure 1 Stone samples used for performance testing 

 

2.5 Treatments 



 

1% (w/w) FAD/2-propanol solution was prepared at disposal. Solutions of DC2 and 

DC6 were prepared by using a mixture 90/10 of A113/2-propanol as solvent, with a 

concentration 10% (w/w) for Lecce stone treatments. The non-functionalized oil of 

PFPE (YR) was used as neat. For comparison purposes, the commercial 

fluoroelastomer N215 (1% w/w in acetone) was also applied and tested. Treatments of 

FAD, N215, DC2, DC6 and YR were all done by using a pipette with the method “wet 

on wet”. The same face used for water capillary absorption test was treated. To start, a 

suitable amount of solution, e.g., 1 ml was first distributed on the targeted face 

homogeneously and gently by a pipette. Subsequent additions were made once all 

liquid was absorbed. Application continued in this way till saturation. The quantities of 

FAD and N215 to be applied were determined based on the concept obtaining good 

hydrophobic effect without over saturation. These quantities were preliminarily 

determined as 20 g/m2 and 5 g/m2 for Lecce stone and marble samples, respectively. In 

the cases of treatments with DC2, DC6 and YR, the amount applied on Lecce stone was 

determined in 150 g/m2, while on marble was 15 g/m2. In both lithotypes the quantity of 

DC2, DC6 and YR to be applied was higher than that of FAD and N215. For the 

comparison of the performance of FAD with the other compounds, the less favorable 

condition, referred to the amount of product required for a decent protective effect, was 

considered more relevant for the goal. Therefore DC2, DC6 and YR were applied only 

on Lecce stone.  The specific amount of each product applied is reported in Table 4. 

All samples (including the references) were left under a fume hood at room temperature 

for one week before performance evaluation. 

 

Table 4 Products amount applied on Lecce stone and Marble 

 

Protective agent 

Amount of product 

(g/m2) 

Lecce stone Marble 

Theoretical  

 

Actual 

 

 Theoretical Actual 

FAD 

(1% 2-propanol solution) 

 

20 

 

15 

 

5 

 

0.4 

N215 

(1% acetone solution) 

 

20 

 

14 

 

5 

 

0.4 

DC2 

(10% A113/2-propanol : 

90/10) 

 

150 

 

154 

- - 

DC6 

(10% A113/2-propanol : 

90/10) 

 

150 

 

150 

- - 

YR 150 159 - - 

 

 

2.6 Treatments evaluation 

 

2.6.1 Water repellence 

The water repellency of the products applied was determined in accordance to Norm 

UNI-EN 15801-2010 [22]. The capillary absorption was considered to demonstrate the 

hydrophobic properties of compounds applied and the protective efficacy (PE%) was 



calculated as: 

10

1

A A
PE % .100

A


  

where A0 and A1 are the amount of water absorbed before and after treatment.  

 

2.6.2 Vapor permeability 

The vapor permeability of treated stone samples was evaluated by the “Cup” method 

according to Norm UNI-EN 15803-2010 [26].  

The “cup” was placed in a closed PVC container at lab temperature (25 °C) and 

controlled humidity (5% by silica gel). It was weighed at every 24 hours to record the 

change in weight as the function of time (typically 7 days).  

One specimen for each treatment and other three reference specimens of each 

lithotype were used for vapor permeability test. 

Residual permeability percentage (RP%) is calculated according to the formula: 

1

o

P
RP % .100

P
  

where P0 is the average permeability of untreated specimens, while P1 is the 

permeability of treated ones. The permeability P0 and P1 are calculated by the ratio 

between the weight change of “cup” between two successive measurements (24 hours) 

and the surface of the sample: 
i

i

i 1,2.3

0

m

P
3

s






                                  1

1

m
P

s


  

where Δmi is the weight change of “Cup” in which there were the untreated specimens 

in 24 hours before treatment; Δm1 is the weight change of the “Cup” containing treated 

specimens in 24 hours; “s” is the free surface of the specimen through which vapor 

passes from the inside to outside.  

 

2.6.3 Contact angle 

Contact angle of coated and uncoated marble and Lecce stone samples were 

measured to investigate the wetting properties of coating materials. A Ramè-Hart 

Model 190 CA Goniometer was employed to measure the static contact angle of 5 μl 

sessile droplets of distilled water on stone surfaces. For each treatment two specimens 

were tested, and five measurements were done on each specimen. The contact angle is 

the average value and it was not corrected on the basis of the stone surface roughness. 

All measurements were done after the capillary absorption test. 

 

2.6.4 SEM-EDX analysis 

The surface morphology of neat and FAD treated Lecce stone samples was 

characterized by an environmental scanning electron microscopy (mod. ESEM Quanta 

– 200 FEI) equipped with an energy - dispersive x-ray spectrometer (X-EDS). Images 

in secondary (LFD) and backscattered (SSD) electron were acquired, and elemental 

composition was obtained working at pressure of 0.50 and 0.25 Tor with a voltage of 25 

KeV. 

2.6.5 Chromatic effect 

On the basis of Norm UNI-EN 15886-2010 [27], chromatic changes of stone 

surfaces induced by protective coatings were evaluated by colorimetric analysis 

conducted before and after polymer applications. A portable spectrophotometer X-Rite 

SP60 was used and a SPEX (specular component excluded) model was adopted. 



For each sample, 3 measurements were performed on each spot previously selected 

and located by using a mask. Results were elaborated on the basis of chromaticity 

coordinates and reported in CIE-L*a*b* standard color system: for each defined spot 

on a sample the average value of L*a*b* was used, where L* indicates the brightness 

and ranges from 0 (black) to 100 (white); a* and b* are the color axes and their values 

range from -60 to +60. On the a* axis, positive values indicate amount of red, whereas 

the negative ones indicate green. On the b* axis, yellow is positive while blue is 

negative. The color alterations were evaluated by the difference of the vector E* (∆E), 

expressed as: 
*2 *2 *2E L a b        

where ∆L*, ∆a* and ∆b* are the value differences before and after treatment. The value 

∆E* = 3 is commonly regarded as the detection limit of human eyes and samples that 

have a ∆E* value less than or equal to three implies an imperceptible chromatic change 

[28].  

 

3. Results and discussion 

 

3.1 Synthesis and characterization of non-fluorinated oligoadipamide 

 

The synthesis was realized via poly-condensation reaction (Scheme 2). Instead of 

using acid, ester of dicarboxylic acid was used to avoid salt formation which requires 

higher temperature for amide formation. Aiming at obtaining oligoamide with terminal 

amine groups for successive reactions, the molar amount of ethylenediamine was kept 

in excess. Synthesis with different molar ratios between ethyl adipate and 

ethylenediamine (1:5, 1:3 and 1:2), and reactions with or without solvent, were also 

tried (Table 5). After 60 hours, no pure oligoadipamide was obtained for the reactions 

with ratios 1:3 and 1:2 due to the unreacted ethyl adipate. Problems may arise from 

inadequate stirring, heating or solvent presence which creates difficulties for the 

approaching of ethylenediamine, and consequently, one ester group in the molecule 

was left unreacted. Extracted and purified by diethyl ether for 5 times, the suspicious 

compound was proved to contain unreacted ethyl adipate. In the FT-IR spectrum, only 

one peak of C=O stretching group disappeared while the other peak at 1731 cm-1 was 

still present (Fig. 2). Finally, reaction conditions with molar ratio 1:5 (ethylenediamine 

in large excess), higher reaction temperature (95-100 °C) and solvent free gave rise to 

good yield of product in 22 hours. The final product (ADC2) showed good solubility in 

water and partial solubility in alcoholic solvents (Table 6), and its molecular weight (Mn) 

was determined to be 296 g/mol. 



where x= 2, 3, 5. 

Scheme 2 Synthesis of non-fluorinated oligoamide 

 

 

Table 5 Reaction conditions of oligoadipamide syntheses 

R# Ethylene- 

diamine 

 g 

(mmol) 

Ethyl 

adipate 

g 

 (mmol) 

Solvent 

THF  

(ml) 

T. 

(°C ) 

Time 

(h) 

Yield 

(%) 

ADC2-1 0.51 

(9.90) 

1.00 

(4.95) 

2 80-85 60 0 

ADC2-2 0.77 

(14.85) 

1.00 

(4.95) 

2 80-85 60 0 

ADC2 1.28 

 (24.75)  

1.00  

(4.95)  

0 95-100 22 61 

 



 

Figure 2 FT-IR spectra (on KBr windows) of diethyl adipate (a) and ADC2-2 

(b)  

 

Table 6 Solubility of ADC2 determined as percentage of product dissolved in a mixture 

containing 1% (w/w) of amide in solvent  

Solvent Solubility (%) 

Cold (20-25°C) Hot (80-90°C) 

H2O 100 100 

THF 0 n.d. 

2-propanol 15 80 

Diethyl ether 0 n.d. 

 
1H-NMR spectroscopy was used to estimate the Mn of ADC2. Indeed, this technique 

is not only a powerful tool for molecular characterization, but also a valid method to 

elucidate polymer structures, including the molecular weight [29]. The calculation 

method here used was able to characterize not only the number-average molecular 

weight but also the molecular weight distribution. Referring to the theoretical formula 

of ADC2 (Scheme 3), the proton signals in the 1H-NMR spectrum (Fig. 3) could be 

easily assigned. 

 

2400 2200 2000 1900 1800 1700 1600 1500 1400 1300 1200 1100 1002 
cm-1 

%T  

1736 1731 

1731 

(a) 

(b) 



 
Figure 3 1H-NMR spectrum of ADC2 in D2O. Signal assignments are indicated. 

 

H2N-CH2-CH2-NH-CO-CH2(CH2)2CH2-CO-[HN-CH2-CH2-NH-CO-CH2-(CH2)2-

CH2-CO]p-NH-CH2-CH2-NH2 

where p is the polymerization degree                          (Scheme 3)  

      

When p=0:  

H2N-CH2-CH2-NH-CO-CH2-(CH2)2-CH2-CO-NH-CH2-CH2-NH2 
             A   B          D    C    D           B   A 

When p=1: 

H2N-CH2-CH2-NH-CO-CH2-(CH2)2-CH2-CO-NH-(CH2)2-NH-CO-CH2-(CH2)2 

       A    B          D   C     D           E           D    C    

-CH2-CO-NH-CH2-CH2-NH2 

D          B   A 

When p =2:  

H2N-CH2-CH2-NH-CO-CH2-(CH2)2-CH2-CO-NH-(CH2)2-NH-CO-CH2-(CH2)2 

           A    B      D   C     D           E           D    C    -CH2-CO- 

HN-(CH2)2-NH-CO-CH2-(CH2)2- CH2-CO-NH-CH2-CH2-NH2                   

D            E            D   C     D          B   A 

When p=3;4 and so on… 

The corresponding signal assignments are: 

i. Singlet at 3.27 ppm (E) attributes to protons of 2 methylene groups adjoining 2 

amidic groups in the middle of chain: CO-NH-CH2-CH2-NH-CO, for p≥1; 

ii. Triplet at 3.20 ppm (B) attributes to protons of methylene group in β position of the 

terminal amino group: NH2-CH2-CH2-NH; 

iii. Triplet at 2.67 ppm (A) attributes to protons of methylene group in α position of the 

terminal amino group: H2N-CH2; 

iv. Singlet at 2.23 ppm (D) attributes to protons of 2 methylene groups in α position of 

2 carbonyl groups: NH-CO-CH2-(CH2)2-CH2-CO-NH; 

v. Singlet at 1.54 ppm (C) attributes to protons of 2 methylene groups in β position of 

2 carbonyl groups: NH-CO-CH2-CH2-CH2-CH2-CO-NH; 

 



Since the integral of signal area is proportional to the number of protons, the number of 

each type of protons is countable based on the following equations: 

Protons of group A: ∫Signal A =0.72 ascribing to 4H; 

Protons of group B: ∫Signal B =0.72 ascribing to 4H; 

Protons of group C: ∫Signal C =1.04 ascribing to 4H·(p +1); 

Protons of group D: ∫Signal D =1.03 ascribing to 4H·(p +1); 

Protons of group E: ∫Signal E =0.28 ascribing to 4H· (p). 

Presuming there is m mol of oligomers with p=0, n mol of oligomers with p=1 and s 

mol of oligomer with p=2, t mol of oligomer with p=3, the following equations are 

built: 

0.72 = m + n + s                (Eq. 1) 

0.72 = m + n + s               (Eq. 2) 

1.04 = m + 2n + 3s               (Eq. 3) 

1.03 = m + 2n + 3s                (Eq. 4) 

0.28 = n + 2s                (Eq. 5) 

It shall be noticed that when p=3, there are four unknown variables (m, n, s, t), but in 

this case only 3 equations can be written, indicating “t” does not exist. Solving these 

equations, “m”, “n”, and “s” are 0.5, 0.16 and 0.06 respectively. The corresponding 

proportions of oligomers with these 3 chain lengths are computable, being 69.4% (p=0), 

22.2% (p=1) and 8.3% (p=2) respectively. Therefore, the number-average molecular 

weight is:  

Mn=

i

i i

i 1,2.3

i

i

i 1,2.3

n M

n








= (0.5*

ADC2p 0M 
 + 0.16*

ADC2p 1M 
 + 0.06*

ADC2p 2M 
)/ 0.72= 

(0.5*230 + 0.16*400 + 0.06*570)/ 0.72=296.11.  

Mw = 

i
2

i i

i 1,2.3

i

i i

i 1,2.3

n M

n M












= (0.5*2302 + 0.16*4002 + 0.06*5702)/ (0.5* 230 +0.16*400 + 

0.06*570) = 335.57.  

Polydispersity = D= Mw/Mn = 1.1.  

 

 

 
3.2 Synthesis and characterization of partially fluorinated oligoadipamide and C2 and 

C6 diamides 

 

In FAD synthesis, perfluoropolyetheric segments were grafted to the two ends of 

oligoamides (Scheme 4). 



Scheme 4 Synthesis of partially fluorinated oligoamide 

 

Based on the Mn of ADC2 found by 1H-NMR, the molar ratio ADC2:PFPE (1:2) was 

adopted (Table 7). The conversion of ADC2 into FAD was considered completed when 

the peak height of C=O stretching of PFPE ester in the FT-IR spectrum (1792 cm-1) 

tended to zero, while the peak height ratio between C=O stretching of fluorinated amide 

(1705 cm-1) and C=O stretching of not fluorinated amide (1641 cm-1 ) remained 

constant (Fig. 4). 

The insertion of two highly fluorinated segments influenced the main absorption 

bands of non-fluorinated oligoamide. The peak of C=O stretching (amide I) shifted 

from 1637 to 1641cm-1, the N-H bending from 1554 to 1559 cm-1, and the N-H 

symmetric stretching and C-H stretching also experienced shifting from 3082 and 2938 

cm-1 to 3089 and 2949 cm-1, respectively. The N-H asymmetric stretching, nonetheless, 

remained steady (3295-3296 cm-1). 



 
Figure 4 FT-IR spectrum of ADC2 (a) and FAD (b) on KBr windows 

 

The syntheses of DC2 and DC6 went smoothly (Scheme 5), and high yields were 

achieved in mild conditions (Table 7). However, difficulties appeared when it came to 

purification, since neither distillation nor recrystallization or sublimation work well for 

these oily diamides. Another tentative purification method was tried by using a column 

of silica gel, but it had problems for product recovery. Eluents with less polarity were 

not able to move the amides from the support, while more polar eluents recover the 

amide together with its decomposed byproducts. The method with the best accuracy 

and reproducibility were treatments with active carbon, giving rise to colorless, 

heat-stable products. 
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where n= 2, 6. 

Scheme 5 Synthesis of ethylene- and hexamethylene-diamides (DC2 and DC6) 

 

Table 7 Reaction conditions used in the synthesis of FAD, DC2 and DC6  

 

Product Reagents 

(g) (mmol) 

Solvent 

 (ml) 

Temp. 

(°C) 

Time 

(hours) 

Yield 

(%) 

ADC2 C2 C6 EtG MetG 

FAD 0.15 

(0.51) 

  0.89 

(1.02) 

 5* 65 40 95 

DC2  0.48 

(8.00) 

  14.50 

(16.11) 

10** Room 

T 

4 99 

DC6   0.49 

(4.20) 

 7.70 

(8.50) 

10** Room 

T 

6 95 

C2 = ethylenediammine; C6 = hexamethylenediammine; EtG = Ethyl ester of Galden acid; MetG = 

methyl ester of Galden acid; *2-propanol; ** A113 

 

The different structure and length of non-fluorinated chain have influence on the 

solubility of oligoamides (Table 8). FAD has the best solubility in alcoholic and 

hydro-alcoholic solvents, while DC2 and DC6 are mainly soluble in 

chlorofluorocarbons. The slightly higher molecular weight of FAD than DC2 and DC6 

(Table 9) is due to the relatively longer alkyl chain of the oligoadipamide. This chain, 

with good chemical affinity towards common organic solvents, is able to balance the 

poor affinity of PFPE blocks, giving rise to better solubility in alcoholic solvents than 

DC2 and DC6. On the contrary, the chemical and physical properties of DC2 and DC6 

are predominantly determined by the PFPE segments. 

  



Table 8 Solubility of FAD, DC2 and DC6 determined as percentage of amide dissolved 

in a mixture containing 1% (w/w) of product in solvent  

Solvent FAD DC2 DC6 

Cold 

 

Hot 

 

Cold 

 

Hot 

 

Cold 

 

Hot 

 

Ether 0 n.d. 80 n.d. 80 n.d. 

Ethanol 90 100 n.d. n.d. n.d. n.d. 

2-propanol 80 100 10 50 10 50 

2-propanol/ 

H2O (70:30) 

50 90 0 n.d. 0 n.d. 

A113 0 n.d. 100 n.d. 100 n.d. 

A113/ 

2-propanol 

(90/10) 

n.d. n.d. 100 n.d. 100 n.d. 

A113/ 

2-propanol 

(10/90) 

n.d. n.d. 30 n.d. 30 n.d. 

Ethanol 100 n.d. n.d. n.d. n.d. n.d. 

2-propanol 100 n.d. 50 n.d. 50 n.d. 

2-propanol/ 

H2O (70:30) 

90 n.d. n.d. n.d. n.d. n.d. 

Cold = 20-25°C; Hot = 60-65°C   

   

 

Table 9 Number-average molecular weight of FAD, DC2 and DC6 calculated and found 

by viscometry 

Product Mn 

(calculated) 

Mn 

(by 

Viscometry 

[18]) 

FAD  

(PFPE-Oligoadipamide-PFPE) 

2096 

(1H-NMR) 

- 

DC2 

(PFPE-CO-NH-CH2-CH2-NH-CO-PFPE) 

1785 1612 

DC6 

(PFPE-CO-NH-CH2-CH2-CH2-CH2-CH2-CH2-NH-CO-PFPE) 

1840 1341 

 

3.3 Treatments evaluation 

   

The performance of fluorinated oligoamides were tested on marble and/or Lecce 

stone. In Figure 5, the change of wettability of the stone surface after coating with FAD 

is shown as example. To compare the hydrophobic properties of synthesized products 

and the commercial products (N215 and YR), the protective efficacy was tested on 

Lecce stone and reported in Table 10. The protective efficacy (PE%) after 30 minutes of 

water absorption was comparable for all the products, except for YR, the 

non-functionalized perfluoropolyether. However, only FAD and N215 showed good 

hydrophobicity with very low amount of product (10 times lower than DC2, DC6 and 

YR). 

 

Table 10 Protective efficacy (PE%) on Lecce stone of some fluorinated compounds 



after 30-minutes of water absorption 

Treatment Amount of 

product applied 

(g/m2) 

PE% 

30 min 

FAD 15 79 

   

DC2 154 70 

   

DC6 150 86 

   

YR 159 33 

   

N215 14 75 

 

Concerning the long-time protective efficacy of FAD, evaluations were done by 

comparing performance with N215. As reported in Table 11, FAD and N215 have 

exhibited similar hydrophobic effects when tested on Lecce stone, with good but not 

excellent reduction of water uptake. On the contrary, on marble samples, coated with 

the same amount of product, conspicuously high PE% (≥ 90%) values were obtained 

with FAD, both at short time (30 minutes) and long time (4 hours). The fluoroelastomer, 

on the other hand, showed lower PE% values which, after 4 hours of water absorption, 

were 3 times lower than the treatment with FAD. 

  

  
(a) (b) 

Figure 5 Marble samples before (a) and after (b) coating with FAD 



Table 11 Protective efficacy (PE%) of FAD, N215 coated stone samples at different 

time of water absorption 

Treatment 
Stone  

 

Concentration 

(g/m2) 

PE%* at  

30  

min 

60  

min 

120 

min 

180 

min 

240 

min 

N215 
Lecce stone 14 75 66 48 - - 

marble 0.4 - 56 46 39 30 

        

FAD 
Lecce stone 15 79 67 44 - - 

marble 0.4 - 94 92 90 90 

* = PE% was calculated as the mean value of two absorption tests 

 

The different behavior of FAD in the efficiency of water absorption inhibition when 

applied on marble or Lecce stone can be justified on the basis of the physical-chemical 

properties of FAD, and of the porous structure (typically porosity and pore size) of 

these stones. The FAD chains, derived from low polymerized oligoadipamide, have 

linear and polar internal segments able to interact by predominant intermolecular 

hydrogen bonding between -NH and -C=O groups. In dilute solution, such as that used 

for the stones treatment, the intermolecular interactions are drastically reduced and the 

polar groups are available to interact with the polar substrate. Thanks to the dilute 

solution a uniform distribution of FAD on the surface is expected, where the amidic 

chains are anchored to the stone while the perfluorinated blocks act at the stone/air 

interface giving the hydrophobic effect. When the substrate has a low porosity (i. e. 

marble, porosity about 2%, pore size 0.0001- 1 µm ) all the product is mainly 

distributed on the external surface providing high hydrophobic efficiency. On the 

contrary, when the stone has high porosity (i.e. Lecce stone, porosity up to 45-47%, 

pore size 0.1- 2 µm) the dilute solution of FAD can diffuse inside the substrate reducing 

the actual quantity of product for surface unit. This means that the amount of 15 g/m2 

calculated from the mass of FAD applied on the 5x5 cm2 surface can be drastically 

reduced. Therefore, even if the product has excellent hydrophobic properties, the water 

uptake cannot be completely stopped. In support of this hypothesis the contact angle 

measurements gave us useful information, and high values were found, both on marble 

and Lecce stone (Fig. 6). However, in the case of marble, where the penetration of the 

coating agents is expected very low and comparable amount of product are actually 

deposed on the detected surfaces, higher contact angle for FAD (120±2°) than for N215 

(89±4°) was found. On the contrary, on Lecce stone similar contact angle for FAD 

(114±7°) and N215 (113±2°) was observed because of the different penetration of the 

two products. Indeed, the larger molecular size of N215 (Mw 125,000) in respect to 

FAD (Mn 2100) and the higher vapor pressure of the solvent used (acetone, vp@20°C = 

184 mmHg, against 2-propanol, vp@20°C = 33 mmHg) inhibit a high penetration of 

the fluoroleastomer giving rise to an accumulation of the coating agent on the external 

surface.  

 



 
Figure 6 Contact angle of neat and treated stone samples 

 

In addition to the high protective efficacy, the original vapor permeability of marble 

and Lecce stone was only slightly decreased, both for FAD and N215 treatments (Table 

12). The RP% values were always higher than 80%.  

These results are in agreement with the surface morphology observed by SEM. 

Indeed, the microstructure of the stones was not modified after coating. In Figs. 7-10 

some SEM-LFD (Large Field detector) micrographs of Lecce stone, neat and coated 

with FAD, are shown as examples. Nevertheless, the presence of the fluorinated 

compound was detected by EDX microanalysis (Fig. 11).  

 

Table 12 Residual permeability (RP%) of stone samples after coating 

Treatment Stone type Concentration 

(g/m2) 

RP% 

 

FAD Lecce stone 15 90 

marble 0.4 89 

    

N215 Lecce stone 14 87 

marble 0.4 91 

 

 

  
Figure 7 SEM micrograph of neat Lecce 

stone (2000x) 

Figure 8 SEM micrograph of FAD treated 

Lecce stone (2000x) 
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Figure 9 SEM micrograph of neat Lecce 

stone (20000x) 

Figure 10 SEM micrograph of FAD 

treated Lecce stone (20000x) 

 
Figure 11 EDX analysis of Area 1 in Figure 8 

 

 

Moreover, no appreciable chromatic changes were observed on stone surfaces 

treated with FAD and N215 (Fig. 12), since the chromatic variations were below the 

detect limit of human eyes (ΔE=3) [28].  



 
Figure 12 Color variations of stone surfaces after coating 

 

 

4. Conclusions 

 

In this work, a new oligoadipamide incorporating highly hydrophobic PFPE pendant 

segments and two diamides with PFPE blocks were synthesized. The oligoadipamide 

(FAD) has good solubility in alcohols and hydro-alcoholic solvents e.g. ethanol, 

2-propanol, while the two diamides are only soluble in chlorofluorocarbons. Solubility 

in common solvents is of vital importance for the wide application of protective 

coatings, and additionally, using alcoholic or hydro-alcoholic solvents, FAD treatments 

are not only healthy to human beings but also environmentally friendly. Despite of the 

solubility limit, the number-average molecular weight and molecular weight 

distribution of FAD were wisely elucidated by exploiting 1H-NMR spectroscopy. Their 

performances as protective coatings were tested as well. FAD has manifested much 

higher hydrophobicity than the other products, though the amount applied was, in some 

cases, much lower. When applied on marble FAD showed the best performance, while 

on Lecce stone it gave similar hydrophobic effect than the fluoroelastomer N215 

attributing to its higher propensity, during the application, to diffuse inside the porous 

substrate. In addition, FAD preserved the original microstructure, vapor permeability 

and chromatic features of coated stone surfaces, fulfilling the prerequisites for 

conservation intervention on artworks. All results indicate the potential use of FAD as a 

protective coating for low porous stone materials, including stone artworks. 
Further studies are in progress in order to verify the stability and long-term 

performance durability of FAD protective coating, by means of chemical, thermal and 

photo-oxidative ageing tests and field exposure tests. 
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