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ABSTRACT: An investigation on the influence of side-chain fluorination on the perfor-
mance of a series of acrylic-based copolymers as protective coating materials for stones
has been carried out by comparing them with unfluorinated polymeric analogues. For
this purpose, a series of copolymers of 1H,1H,2H,2H-perfluorodecyl methacrylate
(XFDM) and 2,2,2 trifluoroethyl methacrylate (TFEM) with unfluorinated vinyl ether or
acrylic comonomers have been synthesized, as well as their not fluorinated analogues,
and applied to limestone and marble substrates. A silicone-type commercial product,
widely employed in the protection of stones in buildings and other artifacts, has also
been tested as a reference material. Their protection efficiencies were then compara-
tively evaluated in terms of surface properties, water permeability, and appearance. It
is shown that the presence of fluorine always has, as expected, a positive influence on
the protective action of the polymer, increasing the water repellency of the coated stone.

© 2000 John Wiley & Sons, Inc. J Appl Polym Sci 76: 962-977, 2000

Key words: fluorinated polymers; acrylic copolymers; stone protection; water-repel-

lent coating

INTRODUCTION

Fluorinated polymers have gained growing popu-
larity in the last years, with a renewed interest
pushed from the scientific side by newly devel-
oped synthetic and application techniques,’ and
pulled from the industrial side by the increasing
demand of high-performance, durable materials
with unusual interfacial properties.

From the simplest fluorinated olefin homopoly-
mer (PTFE) to the more recently developed highly
engineered polymeric structures containing fluor-
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inated vinyl ethers, urethanes, siloxanes, and
acrylic units, partially fluorinated polymers have
found wide application as coating materials with
a number of interesting properties. They are in-
creasingly employed and studied as antifouling,?
water-repellent, low refractive index films, and in
compositions for pressure-sensitive adhesives,
self-lubricating surfaces,® thermally and chemi-
cally stable materials, among others. Partially
fluorinated polymeric materials are finding in-
creasing popularity even as components for high-
performance paint and varnish formulations, in
the textile, leather, and construction industry,*
i.e., in application fields considered to be charac-
terized by mature technology.

In the last few years poly(perfluoroalkyl
ether)s and fluorinated elastomeric materials
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have also been employed in the protection and
consolidation of degraded surfaces of ancient
buildings of great cultural importance.” Indeed,
the deterioration and decay of natural stone
buildings and manufacts is becoming a major con-
cern, as the consequence of the often-observed
acceleration of their degradation process and of
the increasing interest in a conservationist ap-
proach to the symbols of our cultural heritage.
Most ancient cathedrals and historic buildings, as
well as valuable modern constructions and manu-
facts, are located in urban areas, and their condi-
tion has considerably worsened in this century,
due to the synergistic action of natural weather-
ing and high concentrations of air pollutants. Wa-
ter penetration through the stone surface ac-
counts for most of the deterioration processes oc-
curring to the stone.5~8

Water is naturally present in variable amount
within the porous structure of stone according to
a thermodynamic equilibrium with the environ-
mental humidity; however, the rainwater, which
penetrates the stone by capillary absorption, is
the vehicle of airborne acidic pollutants that exert
a direct influence on the substrate, namely
through the chemical reaction of dissolved CO.,,
NO,, and SO, with the calcareous substrates.
Moreover, water exerts an indirect influence by
changing the cohesion properties of the stone
crystalline structure through a physical/mechan-
ical decay due to thermal excursions in wet con-
ditions (freeze—thaw cycles).

Although being very important, barrier efficacy
against water penetration is not the only require-
ment for a protective coating material to be ap-
plied on the stone surfaces of cultural heritage
buildings and sculptures.’

Italy has a particular interest in dealing with
this issue, accounting for as much as 40% of the
world cultural heritage (according to UNESCO).
Therefore, the Italian “Normal” Committee (Com-
mittee for Stone Material Normalization) out-
lined the fundamental requirements that a pro-
tective coating material has to fulfill to be em-
ployed for such application;'® these are, in
addition to impermeability to liquid water, good
permeability towards water vapor, chemical and
photochemical stability, inertness towards the
stone substrate (allowing reversibility of the
treatment), and good optical properties (i.e., neg-
ligible short- and long-term modification of the
appearance of the stone, in terms of color and
gloss).

However, the scientific community is still far
from the development of such an ideal material.!!
Until today, the most common approach of insti-
tutions and technicians involved in restoration
and conservation research has been based on the
use of materials either “traditional” or adopted
from other application fields, without a previous
indepth analysis of their advantages and disad-
vantages. In addition, the nature of the stone and
its state of conservation, its geographical location,
and its environmental exposure conditions are
strongly variable; even the same stone type can be
characterized by a very diverse behavior due to
the intrinsic heterogeneity of the natural stone.
Therefore, specific materials and application
techniques are needed to satisfy the broad range
of situations encountered in the field of restora-
tion and conservation.

In the present article are presented the first
results of a research, carried out in the frame-
work of the C.N.R. (Italian National Research
Council) “Target Project for the Safeguard of Cul-
tural Heritage,” aimed at designing, preparing,
testing, and finally scale up the production of new
partially fluorinated acrylic-based polymers as
water-repellent stone coating materials.

The choice of the acrylic structure was sug-
gested by the easily accessible and low-cost radi-
cal polymerization of the monomers, the avail-
ability of a broad range of monomers, and the
possibility of tuning the material properties of the
final polymers through appropriate design of the
polymer structure and composition.'? In addition,
acrylic polymers are generally very suitable for
coating purposes, and have been widely used in
the field of conservation.® However, these materi-
als proved to be a poor water repellent, and un-
stable to UV radiation on most stone sub-
strates.”!® To overcome these disadvantages the
synthesis of acrylic polymers with partially fluor-
inated side chains was carried out, and their in-
creased water repellency, compared to that of not
fluorinated analogues, was confirmed by prelimi-
nary studies.'* These earlier results showed that
an appropriate content and distribution of fluo-
rine should be suitably combined with other func-
tional groups in the macromolecular structure to
allow a good anchorage onto the stone by means of
the polar segments (e.g., the ester groups of the
acrylic units), and that copolymers of fluorinated
acrylic monomers with vinyl ethers can be char-
acterized by interesting mechanical, thermal, and
coating behavior.!® More recent results have
shown that even in the presence of fluorinated
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comonomers, copolymers containing branched not
fluorinated side chains, undergo rapid photodeg-
radation with gel formation and crosslinking of
the polymeric structure.'®

Following this approach, in this article the as-
sessment of the effectiveness of side-chain fluori-
nated acrylic-based copolymers as protective coat-
ings on stone substrates is presented, in the frame-
work of a systematic approach to the problem. The
comparison between the performance of fluorinated
and nonfluorinated polymeric analogues is de-
scribed as a very useful way for the evaluation of
the coating properties of these new materials. The
influence of substitution of one of the methacrylic
counits with the vinyl ether analogous (i.e., with the
same alkoxy side chain) is also studied. The follow-
ing fluorinated and unfluorinated monomers were
employed: 1H,1H,2H 2H-perfluorodecyl methacry-
late XFDM), 2,22-trifluoroethyl methacrylate
(TFEM), lauryl methacrylate (LM), methyl acrylate
(MA), ethyl methacrylate (EM), and n-butyl vinyl
ether (BVE); therefore, copolymers having different
fluorine content and distribution along the macro-
molecular structure could be prepared.

Candoglia marble (Verbania, Italy) and Calcar-
enite of Noto (Siracusa, Italy), two carbonatic
stone materials, were selected as the stone sub-
strates for their very different porosimetric char-
acteristics, and for their widespread use in an-
cient buildings of northern and southern Italy
(e.g., in the Cathedral of Milan and in the baroque
architecture of the small town of Noto, Sicily).

EXPERIMENTAL

Materials

Diethyl ether (Carlo Erba) was dried over CaCl,,
then distilled from LiAlH,. Dioxane (C. Erba) was
dried over CaCl,, then distilled from Na. Toluene
(C. Erba) was distilled from Na. Azobis-1,1-dimeth-
yl-2-propionitrile («,o’-azobis-isobutirronitrile, AIBN,
Akzo) was purified by recrystallization from eth-
anol. Tetrahydrofuran (THF, spectroscopy grade,
Fluka), ethyl acetate (spectroscopy grade, C.
Erba), and petroleum ether (b.p. 160°C, C. Erba)
were used as received. Triethylamine (Fluka) was
distilled from CaH,. The commercial coating mate-
rials Wacker 280™ (a liquid mixture of oligomeric
alkylalkoxy siloxane with long and short alkyl
groups and of silicic esters) and Acryloid B72™
(Rohm and Haas) were used as received. n-Butyl
vinyl ether (BVE, Fluka) was distilled from Na/K

alloy shortly before use. 2,2,2-Trifluoroethanol
(Prosynth) and 1H,1H,2H,2H-perfluorodecan-1-ol
(Strem Chemicals) were used as received. Methac-
ryloyl chloride (Fluka) was distilled from quinoline,
in the presence of di-tert-butyl-p-cresol (DTBC) as
polymerization inhibitor. n-Dodecyl methacrylate
(LM, lauryl methacrylate, Aldrich) was distilled at
reduced pressure (110°C/0.2 mmHg) in the presence
of DTBC. Methyl acrylate (MA, Aldrich) and ethyl
methacrylate (EM, Aldrich) were added with DTBC
and distilled under nitrogen. 2,2,2-Trifluoroethyl
methacrylate (TFEM) and 1H,1H,2H,2H-perfluoro-
decyl methacrylate (XFDM) were synthesized from
the fluorinated alcohol and methacryloyl chloride in
the presence of triethylamine and a polymerization
inhibitor, and purified either by distillation or by
column chromatography, according to previously re-
ported procedures.'” All monomers were stored un-
der nitrogen at —25°C before use.

Poly(1H,1H,2H,2H-perfluorodecyl methacrylate-
co-lauryl methacrylate) (XFDM/LM)

In a 250-mL Schlenk tube were placed 2.73 g (5.1
mmol) of XFDM, 3.91 g (15.4 mmol) of LM, 0.11 g
(0.72 mmol) of AIBN, and 36 mL of dry dioxane.
The solution was degassed with three freeze—
pump-thaw cycles and heated at 65°C under
magnetic stirring for 76 h. The obtained product
was precipitated in methanol, giving 9.15 g (65%
yield) of XFDM/LM copolymer. Additional 1.30 g
were recovered by precipitation from chloroform/
hexane of the soluble fraction of the first precipi-
tation (total yield 75%). IR: v = 30002850, 1732,
1500-1360, 1350—-1000 cm *. '"H-NMR: 6 = 4.3—
4.1 XFDM, OCH,), 4.1-3.7 (LM, OCH,), 2.6-2.2
(XFDM, CH,CF,), 2.2-1.65 (main chain CH,),
1.65-1.45 (LM, OCH,CH,), 1.45-1.2 (18H, LM,
(CH,)9CHj3), 1.2—0.6 (CH3) ppm.

Poly(lauryl methacrylate) (PLM)

LM (6.06 g, 23.8 mmol) and AIBN (0.15 g, 0.09
mmol) were dissolved in 43 mL of dry dioxane in a
schlenk tube, degassed, and heated 70 h at 60°C.
The product was then precipitated in methanol,
yielding 5.16 g of dried polymer (90%). IR: v
= 2980-2800, 1732, 1500-1360, 1250-1100 cm .
'H-NMR: = 4.1-3.7 (OCH,), 2.1-1.7 (main chain
CH,), 1.7-1.45 (OCH,CH,), 1.45-1.2 (CH,),CHsy),
1.2-0.6 (CH;) ppm.

Poly(2,2,2-trifluoroethyl methacrylate-co-methyl
acrylate) (TFEM/MA)

TFEM (21.14 g, 125.8 mmol), MA (5.38 g, 62.5
mmol), and AIBN (0.92 g, 5.64 mmol) were dis-
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solved in 200 mL of dry dioxane in a Schlenk tube,
degassed, and heated at 60°C for 110 h under
magnetic stirring. The product was then precipi-
tated in methanol, yielding 25.7 g (97%) of
TFEM/MA copolymer. IR: v = 2960-2850, 1740,
1500-1360, 1350-1200 (C—F), 1200—1000 cm .
'"H-NMR: = 4.6-4.1 (CH,CF,), 3.7-3.4 (OCH,),
2.6-2.0 (CHCOO), 2.1-1.2 (main chain CH,), 1.4—
0.6 (TFEM, 3H, CH;) ppm.

Poly(2,2,2-trifluoroethyl methacrylate-co-butyl
vinyl ether) (TFEM/BVE)

Following the usual procedure, TFEM (10 g, 6.0
mmol), BVE (17.86 g, 0.18 mol), AIBN (0.39 g, 2.4
mmol), and 70 mL of dry dioxane were charged in
a glass reactor, degassed, and heated at 70°C for
96 h under magnetic stirring. Precipitation from
n-pentane gave 7.16 g of copolymer. The pentane
filtrate was dried, and the resulting viscous oil
was purified by silica gel chromatography, giving
a further 3.28 g of copolymer that was added to
the first fraction (38% total yield). IR: v = 3000—
2850, 1748, 1500-1375, 1350-1220 (CF), 1200—
1000 cm !, 'H-NMR: = 4.6-4.1 (OCH,CF;), 3.4—
2.9 (CH—0O—CH,), 2.2-1.4 (TFEM, CH;; main
chain CH,), 1.7-1.1 (CH,CH,CH,), 1.0-0.7 (BVE,
CH;) ppm.

Poly(ethyl methacrylate-co-butyl vinyl ether)
(EM/BVE)

Following the usual procedure, the two monomers
(EM and BE) and AIBN were charged in a
schlenk tube, degassed, and polymerized either in
toluene or in bulk. The final product was recov-
ered by precipitation in methanol. IR: v = 2960—
2800, 1748, 1200-1050 cm™'. '"H-NMR: = 4.15-
3,9 (COOCH,), 3.7-2.9 (CH—O—CH,), 2.1-1.6
(CHCOO), 1.6-0.6 (main chain CH,).

Techniques

H- and ®C-NMR analyses were recorded from
CDCl; solutions on a Varian Gemini 200 spec-
trometer at 200 MHz. Chemical shifts were re-
lated to the CHCl; signal at 7.24 ppm vs. TMS.
FTIR spectra were recorded from thin films cast
on KBr pellets, using a Perkin-Elmer 1600 instru-
ment. DSC analyses were carried out with a Per-
kin-Elmer DSC7 instrument equipped with a
CCA7 temperature control apparatus connected
with a liquid nitrogen tank; thermal analyses
were performed at 20°C/min scan rate on the in-
strument calibrated with indium and mercury

standards. Thermogravimetric analyses were car-
ried out in nitrogen flux at 10°C/min from 25 to
600°C, using a Mettler TC11 TA processor con-
nected with a Mettler TG 50 thermobalance. Size-
Exclusion Chromatography (SEC) analyses were
performed at room temperature on 50-uL samples
(5 g/Li polymer solutions in THF or chloroform) at
1 mL/min flux, on a Perkin-Elmer Model 2/2 in-
strument with a 150-uL sample loop, equipped
with two PL. GEL Mixed C columns (30 cm X 7.5
mm), a Jasco 830 RI differential refractometer,
and a Perkin-Elmer LC-75 spectrophotometric
detector. The molecular weight data are referred
to a polystyrene standards calibration curve, and
are not corrected; a further source of uncertainty
in the molecular weight and MWD determination
could be due to the observed nonlinear response of
the RI detector to the partially fluorinated copol-
ymers (the higher the F content, the lower the
detector response, given the well-known low RI of
fluorinated materials). As the consequence, a self-
consistent MWD curve could have been obtained
only if the copolymer composition had been the
same, irrespective of the molecular weight of the
single macromolecular chain. This is certainly not
the case, as an unnegligible variability is to be
expected, considering the fact that the copolymers
were prepared in relatively high conversions and
that monomers with very different reactivity
were copolymerized, thereby producing a contin-
uous change in the composition of the polymeriz-
ing mixture. Scanning electron microscopic obser-
vations on untreated and treated specimens were
carried out with a JEOL JSM 35C microscope
equipped with a LINK 10000 energy dispersive
X-ray spectrometer.

Porosimetric measurements on representative
stone samples (around 0.01 X 0.01 X 0.01 m) were
performed using a Fisons 140/240 Hg Porosim-
eter; the stone samples were previously dried at
60°C for 24 h and stored in a dessiccator at room
temperature before analysis.

Stone Specimen Preparation and Characterization,
Treatment Methodology, and Polymer Uptake

The calcarenite of Noto is a highly porous limestone,
with around 30 vol % open-cell porosity, specific
surface area of 1.6—-2.0 m%g and rather monodis-
perse pore radius average in the range of 4—10 um,
as determined by mercury porosimetry. The Can-
doglia marble is a highly crystalline, low-porosity
stone with 0.5-0.7 vol % porosity, specific surface
area of 0.01-0.03 m?%g, and highly polydisperse
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Figure 1 Candoglia marble: pore size distribution.

pore radius distribution (Fig. 1). Twenty-five 5 X 5
X 1-cm stone specimens and 25 5 X 5 X 2-cm stone
specimens were prepared both with the calcarenite
of Noto and with the Candoglia marble. Each spec-
imen surface was smoothed with abrasive carbo-
rundum paper (n.180). The specimens were then
accurately washed with deionized water and dried
48 h at room temperature, 24 h at 40°C, and 24 h
under vacuum (0.1 mmHg) at room temperature;
they were finally weighed and stored in a dessicca-
tor before treatment.

Application of the coating polymer solution was
carried out by brush until refuse, or by capillarity
absorption from a filter paper pad saturated with
the polymer solution (6—7 h). The treatment
methodology was suggested by the available
amount of copolymer, because application by cap-
illarity absorption on a lab scale requires compar-
atively larger volumes of polymer solution. After
the treatment, the specimens were dried follow-
ing the same procedure adopted for the condition-
ing of the untreated specimens. The stones
treated with Wacker 280™ were kept for 2
months in a damp atmosphere (r.h. 80%), to allow
the hydrolysis and to complete the polymerization
and crosslinking, before carrying out the usual
drying procedure. The amount of polymer depos-
ited on the stone was determined by weighing (M
+ 0.0001 g) each dried and conditioned specimen
before and after treatment.

Sessile Contact Angle Determination

Contact angle measurements were carried out,
according to the relevant Normal protocol,'® us-
ing a Lorentzen Wettre Surface Wettability
Tester (modified by fitting it to a horizontally
pivoted table). About 30 microdrops (3—5 uL) of
deionized water were laid down with a syringe on
different spots of the surface of each specimen,
after application of the polymer coatings, and the
contact angles were measured as:

a = 2 arctg 2h/d

where d is the drop base length, and h is the drop
height. The resulting contact angle measure-
ments were averaged for each stone specimen.

Water Absorption by Capillarity

The determination was carried out using the
gravimetric sorption technique, according to the
Normal protocol,’® on the 5 X 5 X 2 cm specimen.
The stone specimen is laid on a filter paper pad
around 1 cm thick, partially immersed in deion-
ized water, with the treated surface in contact
with the pad. The amount of water absorbed by
capillarity forces is determined by weighing the
specimen after 10’, 20, 30’, and 1, 2, 4, 6, 24, 48,
72, and 96 h, to obtain the wet specimen mass m;
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(M = 0.0001 g). The amount of absorbed water M,,
at the time ¢, per surface unit, is defined as fol-
lows:

Mi = (mi - mo)/S

where m; is the specimen mass (g) at the time ¢;
(second) , m, is the dry specimen mass (g), and S
is the contact surface (cm?). The M, values are
plotted against the square root of time (s¥2), ac-
cording to the general adopted equation @ = Kt'/?
x, where @ is the amount of absorbed water, and
t is time (seconds),?® to give the capillarity absorp-
tion curve.

Water Vapor Permeability

The determination was carried out according to
the corresponding Normal protocol®! on the 5 X 5
X 1-cm specimen, using a measurement cell con-
sisting in a cylindrical PVC chamber with open
top fitted with an o-ring rubber seal, where the
stone specimen is employed as the lid of the cham-
ber, and the chamber is sealed with the lid by
means of an aluminum flange with an o-ring. The
cell is partially filled with deionized water, there-
fore allowing measurement by gravimetry the
amount of water vapor that diffuses through the
0.01 m-thick stone specimen and through the cen-
tral hole of the flange (S = 0.00163 m?) to exit the
cell. The test is carried out in a climatic chamber
at constant temperature (20 = 0.5°C), with the
cell placed into a dessiccator. The driving force for
the diffusion of water vapor is, therefore, the con-
stant difference between the water vapor pres-
sure inside (saturated water vapor pressure) and
outside the cell (in the presence of activated silica
gel desiccant). The permeability is monitored by
determining the weight decrease per surface unit
in the unit time (24 h):

AM; = (m; — m,)S

The cell is weighed (M = 0.0001 g) and AM, (daily
weight variation) is calculated when a stationary
condition (constant vapor flow through the stone)
is reached; stationary flow was considered to be
reached when

(AM; — AM,;_,) X 100/AM,; = 5%
The permeability is evaluated before and after

the treatment on the same specimen with the
protective coating material.

Colorimetric Analyses

The evaluation of color change on polymer-coated
stones was carried out by means of a Minolta
Chroma Meter colorimeter series CR200 in total
reflectance and double channel mode, using a Xe-
non lamp light source; the determinations were
carried out according to the corresponding Nor-
mal protocol?2 onthe 5 X 5 X 2and 5 X 5 X 1-cm
specimens. The color changes were evaluated by
the L*a*b* system (ASTM D-1925, CIE 1976),
while the color characterization (wavelength A
and excitation purity P) was determined by the
Yxy system (CIE 1931).23-25

Twenty color determinations were carried out
on different spots of each stone specimen before
and after the treatment. The obtained data were
elaborated to evaluate the effect, on the stone
surface appearance, of the type of polymer and of
the treating solution concentration. Due to the
scattering of the obtained data, the significance of
the observed variation was analyzed by the Stu-
dent ¢ statistic test using the confidence level of
95%.

RESULTS AND DISCUSSION

Two widely employed commercial products,
namely the acrylic copolymer Acryloyd B72™ (es-
sentially an EM/MA copolymer of 2 : 1 molar
composition?®) and the silicone Wacker 280™
were selected as reference materials for a compar-
ative evaluation of the coating performance of the
fluorinated acrylic-based copolymers. Although
chemically different from all the other polymers,
the silicone was chosen because of its good perfor-
mance shown on both low- and high-porosity
stones;%” it should be noted, however, that al-
though this latter product performs quite well, its
mechanism of interaction with the stone is not
reversible, as opposed to that of the acrylic copol-
ymers. The average compositions and relevant
MW and thermal characterization data of the
synthesized acrylic polymers are reported in Ta-
ble I. The copolymerization conditions were opti-
mized to obtain copolymers with similar average
molar composition, when comparing them within
each “couple,” that is, each partially fluorinated
polymer with its unfluorinated analogous. There-
fore, the difference observed in the material be-
havior within a polymer couple can be specifically
ascribed to the replacement of H with F atoms,
although additional minor contributions to varia-
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Table I Acrylic Polymers Employed

Molar M,

Polymer Composition® F (wt %) T, (°0O) (X107 M, /M,
XFDM/LM 1/2.4 28.3 —47/+5 6.6 1.1
PLM — — —47 1.5 2.6
TFEM/MA 2/1 27.0 43 2.1 1.7
Acryloyd B72 b — 43 1.7 3.7
TFEM/BVE 2.5/1 27.4 34 4.2 2.9
EM/BVE 2.5/1 — 26 9.8 1.2

2 Determined by 'H-NMR.
> Essentially an EM/MA 2/1 copolymer.

tions in the coating performance could derive
from differences in degree of polymerization (DP),
molecular weight distribution (MWD), and such
microstructural parameters as comonomer distri-
bution and stereochemistry (tacticity).

In addition, the composition of the three fluor-
inated copolymers corresponds to a very similar
overall fluorine weight content. Assuming that an
average copolymer composition reflects a corre-
spondingly average material behavior, that is, ir-
respective of any existing microstructure hetero-
geneity, the use of fluorinated copolymers with
similar F content should allow to neglect the mass
contribution of F to the protection efficiency of the
coating, leaving as the main contribution the one
deriving from the structure of the fluorinated
comonomer. In this sense, copolymers of TFEM
and XFDM are, in a way, antithetic to one an-
other in terms of fluorine content and distribu-
tion, because a much higher mol fraction of the
short side-chain TFEM is needed to obtain a co-
polymer with the same F content as a copolymer
containing the highly fluorinated, long side-chain
XFDM,; therefore, the TFEM copolymer will have
its short (CF;) fluorinated groups distributed
along the macromolecular chain with a much
higher frequency compared to the case of the
XFDM copolymer, with fewer but much longer

Table II Copolymerizations of EM with BVE?*

(nCgFy;) fluorinated moieties spaced apart along
the chain (assuming a random comonomer distri-
bution).

Several polymerization runs were carried out
to obtain an EM/BVE copolymer with the desired
composition and with acceptable yield, that is
about the same molar composition (2.5 : 1) of the
fluorinated TFEM/BVE analogous (see Table II).

The couples TFEM/MA-Acryloid B72™ and
XFDM/LM- PLM were selected to evaluate the
influence of partial side-chain fluorination on dif-
ferent copolymer structures, characterized by
short and long side chains, respectively; the same
comparison can be made between the “hybrid”
copolymers TFEM/BVE and EM/BVE, where the
unfluorinated (meth)acrylic comonomer is re-
placed by a vinyl ether.

A comparison between the TFEM/MA and the
TFEM/BVE copolymers allows highlighting of the
effect of substitution of an acrylate with a vinyl
ether unit, the latter containing a relatively hy-
drophilic and less polar ether group and a longer,
and therefore more hydrophobic, alkoxy chain. In
addition, while all the fully acrylic copolymers can
be expected to present an essentially random
comonomer distribution, in the case of the BVE
copolymer the poor tendency towards homopropa-
gation of the vinyl ether under radical polymer-

EM EM/BVE Feed AIBN/EM Conversion Copolymer
(mol/L) (mol Ratio) (mol Ratio) (wt %) Composition

1.0 1/5 0.12 8 3.8/1

0.5 1/10 0.17 1 n.d.

bulk 1/10 0.02 2 2.5/1

2 Solvent toluene, T' = 60°C, 72 h.
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Table III Polymer Solutions Applied on the
Stone Specimens

Polymer Concentration Application

Solution (wt %) Technique
XFDM/LM 5 10 brush
PLM 5 10 brush
TFEM/MA 3 5 capillarity
Acryloid B72 3 5 capillarity
TFEM/BVE 5 10 brush
EM/BVE 5 10 brush
Wacker 280-C 8P capillarity
Wacker 280-B 8> brush

2 Solvent: ethyl acetate.
b Solvent: petroleum ether.

ization conditions probably leads to a block micro-
structure consisting of homo-TFEM and alternat-
ing TFEM-BVE sequences.

The application procedures of the coating ma-
terials on the stone specimens are summarized in
Table III. The concentrations of the treating so-
lutions have been chosen on the basis of the ex-
perience with similar acrylic or siloxane poly-
mers, which are generally applied on stone sub-
strates from 10 wt % or more diluted solutions. In
the case of Acryloid B72™ and of its parent flu-
orinated copolymer TFEM/MA, the same concen-
trations (3 and 5 wt %) adopted in previous expe-
riences?®2° were employed.

Polymer Uptake

Due to the low porosity of the Candoglia marble,
a quite low amount of each copolymer solution
penetrates into this stone, while the same copol-
ymer solutions are easily absorbed into the highly
porous structure of the calcarenite. When the
coatings were applied by brush (Table III), the
calcarenite specimens absorbed 4 to 10 times as
much product as that absorbed by the marble
specimens (Table IV). In the case of the products
applied by capillarity, the amount of polymer ab-
sorbed was even higher, that is, from 40 to 100
times larger on the calcarenite. These differences
are really important, and should be taken into
account when evaluating the performances of the
different protective coatings.

Indeed, the Candoglia marble, given the low
amount of polymer that it can take up, is more
difficult to protect than the calcarenite and, as it
will be shown, does not always allow to clearly

distinguish the variation in performance among
different coating polymers. In addition, applica-
tion by capillarity allows deeper and presumably
more uniform penetration of the coating material
into the porous stone structure than brush appli-
cation, thus improving the effectiveness and du-
ration of the imparted water repellency.

The presence of fluorine in the polymers and
the length of the alkyl side chains do not appear
to affect the polymer uptake by the stone, that is,
the penetration of the copolymer solutions. Actu-
ally, the polymer absorption on a given stone type
is mainly influenced by the application methodol-

ogy.

Table IV Amount of Coating Polymer Applied
on the Specimen Surface

Applied Coating

(g/m?)
Coating Stone
Polymer? Specimen® Marble Calcarenite
XFDM/LM-5 A 4.6 44.0
B 5.3 54.9
XFDM/LM-10 A 12.2 106.6
B 13.9 144.7
PLM-5 A 4.7 425
B 5.1 59.3
PLM-10 A 8.9 89.2
B 11.7 102.4
TFEM/MA-3 A 2.1 124.0
B 4.6 273.5
TFEM/MA-5 A 4.3 221.5
B 7.1 396.0
Acryloid B72-3 A 1.7 104.1
B 2.5 204.4
Acryloid B72-5 A 2.3 161.8
B 3.1 2994
TFEM/BVE-5 A 8.4 34.0
B 9.9 42.8
TFEM/BVE-10 A 15.6 72.7
B 19.2 91.6
EM/BVE-5 A 11.5 31.0
B 11.9 38.0
EM/BVE-10 A 24.3 63.5
B 29.8 82.9
Wacker 280-C A 2.5 20.3
B 3.5 28.0
Wacker 280-B A 3.5 109.0
B 6.3 224.5

2 The number suffix identifies the concentration of the
treating solution.

b A =5 X 5 (surface) X 1 (thickness) cm, B =5 X 5 X 2
cm.
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Table V Contact Angle with Water of Treated Stone Surfaces

Candoglia Marble

Noto Calcarenite

Treatment 0 % n.d.

o 0 % n.d. o
Untreated 42 — 2 a — —
XFDM/LM-5 116 — 1 147 40 2
XFDM/LM-10 117 — 2 141 13 4
PLM-5 109 — 3 130 3 2
PLM-10 115 — 2 132 2 2
TFEM/MA-3 98 — 9 131 1 2
TFEM/MA-5 94 — 5 130 — 3
Acryloid B72-3 82 — 7 120 — 4
Acryloid B72-5 77 — 3 118 — 4
TFEM/BVE-5 91 — 3 132 1 3
TFEM/BVE-10 92 — 3 129 — 3
EM/BVE-5 92 — 2 126 — 4
EM/BVE-10 89 — 1 109 — 7
Wacker 280-C 113 — 6 146 52 3
Wacker 280-B 115 — 5 143 46 3

0 = contact angle; % n.d. = percentage of drops not wetting the surface (rolled away after syringe deposition); o = standard

deviation (30 measurements).

2 The equilibrium contact angle of untreated calcarenite cannot be determined under the experimental condition adopted.

Equilibrium Contact Angle with Water

Irrespective of the type of applied polymer, the
measured contact angles 6 with water are gener-
ally larger on the treated Noto calcarenite than on
the treated Candoglia marble (Table V). However,
because the equilibrium contact angle is affected
by the extent of coverage of the stone surface by
the thin polymer film, the surface roughness and
the porosity of the treated stone (in Fig. 2 the
different surface morphology of the marble
treated with different copolymers is showen),
these measurements always yield highly scat-
tered data; therefore, the reported average 6 val-
ues can only be considered for a comparative eval-
uation of the behavior of the different polymers
applied to the same stone, rather than for a com-
parison of the effectiveness of a certain polymer
on different stones.

On both stones the 6 values obtained from the
polymers XFDM/LM and PLM are the highest,
and actually quite similar to those obtained from
the siloxane treatment. The introduction of fluo-
rine in these highly hydrophobic long side-chain
polymers slightly improves their water repellence
and, in the case of the Candoglia marble, this
shows only at lower polymer load.

The presence of fluorine determines a much
more significant increase of water repellence,

both for the Candoglia marble and for the Noto
stone, in the case of the short side-chain copoly-
mers, as it is clearly seen by comparing the
TFEM/MA copolymer with its unfluorinated anal-
ogous Acryloid B72. On the contrary, the TFEM/
BVE and EM/BVE copolymers showed a quite
similar behavior irrespective of the presence of
fluorine, their water repellence being comparable
with that of the TFEM/MA copolymer. In this
latter case, the short fluorinated TFEM side
chains are probably “masked” by the longer n-
butyl side chains, and do not increase the effec-
tiveness of the hydrophobic shield provided by the
EM/BVE copolymer.

Water Absorption by Capillarity

The untreated 2 cm-thick stone specimens were
quickly saturated by water, reaching a plateau of
30-50 g/m? within the first 3-6 h (100-150 s'/?)
for the marble and as much as of 4500—5000 g/m?>
within the first 20—40 h for the calcarenite. As it
is shown in Figures 3-8, all treatments led to a
more or less pronounced reduction in absorption,
at least at short times. The capillarity curves in
Figures 3-8 are reported as “% reduction of ab-
sorbed water”—instead of the more frequently
used “amount of absorbed water’—against the
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square root of time (sV?); this allows direct com-
parison of the efficacy of the various coating poly-
mers, independently from the amount of water
absorbed by each untreated stone specimen
(which can be quite variable), by comparing the %
reduction of water absorption achieved upon coat-
ing each specific stone specimen.

Candoglia Marble

All fluorinated polymers determine a higher re-
duction of water absorption than their unfluori-
nated analogues, as it is shown in Figures 3-5; in
the case of TFEM/BVE and XFDM/LM such im-
provement is particularly apparent at shorter
times (less than 24 h—300 s'/?). TFEM/BVE is the
most effective in maintaining a moderate long-
term water repellency which, on the contrary, is
lost on the EM/BVE-coated stone. On the other
side, XFDM/LM is the most effective at short con-
tact times, cutting off about 90% of the water
absorption after 6 h—150 s2, that is, even more
than the quite effective PLM and with a perfor-
mance comparable to that of the Wacker siloxane
(Fig. 3). However, the protection efficacy of these
latter long-side chain, low-T, copolymers drops
considerably, and at longer times it is almost com-
pletely lost. The short side-chain TFEM/MA co-
polymer, although clearly less effective than the
Wacker siloxane (Fig. 4) and slightly less than the
TFEM/BVE copolymer, performs better than
XFDM/LM at times exceeding 48 h (400 s?),
when its protection efficacy reaches a plateau at
about 20% water absorption reduction.

This apparently strange behavior can be un-
derstood in terms of local reorganization of the
coating material at the polymer—water interface,
i.e., as a result of aging in the presence of con-
densed water. In these conditions the long flu-
oroalkyl side chains of the low-T,, XFDM/LM co-
polymer, which are presumably “clustered” to
form microphase-segregated domains at the poly-
mer—air interface, can easily undergo thermody-
namically driven conformational rearrangement
to minimize their exposure to water. As the con-
sequence, the coating surface becomes enriched in
polar ester groups, thereby enhancing its wetta-

Figure2 SEM micrographs (1000X) of the Candoglia
marble surface before (a) and after application of the
flourinated copolymers XFDM/LM (b), TFEM/MA (c),
and TFEM/BVE (d).
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Figure 3 Water capillary absorption on the marble:

% reduction upon coating with XFDM/LMA and poly-

LMA, and for comparison, with the Wacker silicone.

bility and allowing easier diffusion of water either
through the bulk of the polymer (containing a
relatively low mol fraction of fluorinated counits)
or by capillary absorption inside the polymer-
coated stone pores. In the case of the TFEM/MA
copolymer, containing a much higher mol fraction
of fluorinated units, the CF; groups are more
likely to be homogeneously distributed in the bulk
of the polymer with little enrichment at the poly-
mer-air interface; therefore, the good but not out-
standing performance of the coating at short con-
tact times is balanced by its fair and long-lasting
water repellence properties, which are only over-
run by the highly hydrophobic TFEM/BVE.

The fluorinated vinyl ether copolymer TFEM/
BVE indeed presents a resistance to water pene-
tration that is unexpectedly higher than that of
the fully acrylic TFEM/MA, at least if one takes
the water contact angle (Table 5) as a first indi-
cation of the coating water repellency. The effect
of the introduction of fluorine in the vinyl ether
copolymer can be best observed at longer times
(Fig. 5), when only the fluorinated coating pre-
serves a certain water repellency, and to a degree
that makes it the best performer among all the
acrylic copolymers studied.

In general, the concentration of the treating
solution does not affect the coating performance.
It must be noted, however, that although these
polymers perform relatively well, the appearance
of the coated marble surface is in some cases very
poor, due to darkening (see the Color Changes
Evaluation section), undesired gloss and, partic-
ularly for the long side-chain polymers, tackiness
caused by the insufficient penetration of the poly-
mer into the compact crystalline matrix of the
marble.
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Figure 4 Water capillary absorption on the marble:
% reduction upon coating with TFEM/MA and Paraloid
B72, and for comparison, with the Wacker silicone.

Calcarenite of Noto

The higher polymer uptake allowed by this po-
rous stone, as well as the higher porosity of the
untreated stone, determine a much sharper de-
crease of the water absorption on the coated spec-
imens if compared with that observed for the
treated marble. The water absorption curves of
Figures 6-9 allow one to clearly distinguish
among the performances of the different coating
materials. Again, all fluorinated polymers deter-
mine a higher reduction of water absorption
(which is initially comparable with that of the
Wacker siloxane) than their unfluorinated ana-
logues, particularly after the first 6 h (150 s¥?);
however, on the Noto stone such a difference is
much more striking than on the marble.
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Figure 5 Water capillary absorption on the marble:
% reduction upon coating with TFEM/BVE and EM/
BVE, and for comparison, with the Wacker silicone.
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Figure 6 Water capillary absorption on the calcaren-
ite: % reduction upon coating with XFDM/LMA and
poly-LMA, and for comparison, with the Wacker sili-
cone.

Among the three fluorinated copolymers,
XFDM/LM is the worst performer, because it
starts losing efficacy after less than 6 h (150 s'/?)
and becomes completely ineffective after 24 h
(Fig. 6). This is, however, a fair result if compared
with the behavior of PLM, at least when using the
highest concentration of treating solution; both
coatings applied from the 5% solutions are indeed
almost ineffective. Lack of penetration into the
stone can also account for the poor performance of
this material, despite the fact that the amount of
product applied on the calcarenite is about 10
times greater than that applied on marble.

The performances of TFEM/MA, TFEM/BVE,
and EM/BVE are, on the other hand, very inter-
esting, as they are compared to that of the ref-
erence siloxane product (Figs. 7 and 8).
TFEM/MA displays its improved behavior, with
respect to Acryloid B72, after the first 6 h, when
the fluorinated coating preserves its protection
effect while a progressive recover of the water
permeability is displayed by the unfluorinated
one (Fig. 7). The difference between the fluori-
nated and unfluorinated polymer is less evident
in the case of the vinyl ether copolymers (Fig.
8), simply because both materials perform ex-
tremely well up to 72 h (500 s?), when the
unfluorinated coating starts losing efficacy.
When comparing the two TFEM copolymers,
one can observe that replacement of the methyl
acrylate with the n-butyl vinyl ether unit deter-
mines a decrease of the T,; this, in addition to
the lower polarity of the vinyl ether unit and,
therefore, to its reduced affinity for water, af-
fects positively the coating performance. This is
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Figure 7 Water capillary aborption on the calcaren-
ite: % reduction upon coating with TFEM/MA and
Paraloid B72, and for comparison, with the Wacker
silicone.

best seen on the marble substrate (Fig. 9), while
on the calcarenite (Fig. 10) both TFEM/BVE
and TFEM/MA have a protection efficiency com-
parable with that of the silicone (Figs. 7 and 8).

Water Vapor Permeability

The results of the water vapor permeability mea-
surements are collected in Table VI. The vapor per-
meability of the marble specimens, already very low
for the untreated stone, is clearly reduced by the
application of the fluorinated copolymers. The dif-
ference between the TFEM/MA and the Acryloid
B72 coatings is quite evident: the introduction of
fluorine in the macromolecule determines a sharp
decrease of the permeability, independent from the
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Figure 8 Water capillary absorption on the calcaren-
ite: % reduction upon coating with TFEM/BVE and
EM/BVE, and for comparison, with the Wacker sili-
cone.



974 ALESSANDRINI ET AL.

120.00 -
g |
£ 100,00
3 i e Wacker 280
e i [ ] l‘}—
c 80.00 - . -
2 | - A
g | .® A .
3 B A—
g 60.00 1 TFEMMA - k3
3
g 4000- . TFEM/BVE
= ‘ T .
e e
20.00 ¢ L ¢ |
i XFDM/LM ° !
0.00 : : : : |
0 100 200 300 400 500 600 700

time (sec1/2)

Figure 9 Water capillary absorption on the marble:
% reduction upon coating with the flourinated copoly-
mers XFDM/LM, TFEM/MA, and TFEM/BVE, com-
pared with the Wacker silicone.

starting solution concentration, that is from the
amount of applied product. However, a very pro-
nounced reduction of permeability is also obtained
upon treatment of the specimens with the highly
water-repellent Wacker siloxane. The situation is
very different in the case of the highly porous cal-
carenite. The reduction of the permeability is well
less worrying and quite similar, for all copolymers,
to that obtained by treating the specimen with the
Wacker 280 product. The introduction of fluorine
does not produce a pronounced reduction in the
permeability of the coated surfaces, while, in some
cases, a reduction can be observed if one compares
the same copolymer at different concentration of the
treating solution—that is, at different polymer up-
take.

As a general rule, the data here reported suggest
that the introduction of fluorine determines a cer-
tain reduction of the water vapor permeability;
however, this kind of property is strongly affected
by the treating methodology (e.g., by capillarity or
by brush) and by the porous structure of the stone.
A detailed study of the influence, on the water
transport properties, of the polymer amount and
distribution on the stone surface and within its
pores, however, goes beyond the scope of the present
work.

Color Changes Evaluation

When analyzing the color changes in the L*a*b*
system (Table VII), the most significant parame-
ter, from the statistical point of view, is the light-
ness difference AL*; in this respect, all the treat-
ments produced a darkening of the specimen, as

L* values are always increasing. This change is
more pronounced in the case of the calcarenite;
this is not unexpected, given the much larger
amount of polymer absorbed on this stone per
unit area, and it shows particularly at higher
treating solution concentrations. In addition, the
parameters b* (indicating a displacement of chro-
maticity from blue to yellow), a* (displacement of
the chromaticity towards the red), and the exci-
tation purity P (the difference in the color satu-
ration calculated by the CIE system) are also
affected by a statistically significant change after
treatment of the Calcarenite. Larger variations
are observed in the case of the couple of polymers
XFDM/LM and PLM-coated specimens, while the
siloxane product produces the slightest effect. The
color changes on the marble specimens after
treatment, although statistically significant, are
less important. The darkening, indicated by the
negative AL* values, is similar for all treatments
and generally quite low; a comparatively larger
variation with respect to the calcarenite is in-
duced by treatment with the siloxane product.
The study of the colour variations induced by the
introduction of fluorine in the macromolecules al-
lowed to conclude that no significant change of L*,
a*, and b* could be associated to this factor in the
case of the marble. On the contrary, the introduc-
tion of fluorine produces a significant color modi-
fication of these parameters in the case of the
calcarenite. In particular, the treatment with
XFDM/LM and TFEM/BVE produces a clearing
up of the specimens, if the L* values are com-
pared with those of the specimens treated with
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Figure 10 Water capillary absorption on the calcar-
enite: % reduction upon coating with the fluorinated
copolymers TFEM/MA and TFEM/BVE, compared with
the Wacker silicone.
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Table VI Water Vapor Permeability Reduction upon Coating of Stone Specimens; Determined as Net
Flux of Water Vapor over a 24-h Period

Water Vapor Permeability

(g/m? - 24 h) % Reduction after Treatment
Untreated Untreated Candoglia Noto

Treatment Marble Calcarenite Marble Calcarenite
XFDM/LM-5 14.9 329.7 77.3 24.6
XFDM/LM-10 12.2 320.2 75.4 51.1
PLM-5 14.2 333.4 61.8 22.8
PLM LM-10 13.1 303.0 75.8 26.7
TFEM/MA-3 124 299.2 80.7 24.7
TFEM/MA-5 134 304.9 78.0 39.4
Acryloid B72-3 14.2 292.7 57.7 35.2
Acryloid B72-5 13.0 313.0 46.9 394
TFEM/BVE-5 17.9 301.1 57.0 15.5
TFEM/BVE-10 16.1 313.8 70.8 27.7
EM/BVE-5 14.2 255.6 53.1 10.4
EM/BVE-10 13.1 301.7 43.0 33.0
Wacker 280-C 7.9 313.9 77.2 35.4
Wacker 280-B 5.5 288.8 69.1 12.8

the homologues unfluorinated polymers (PLM protection performance. Even if many aspects

and EM/BVE). connected to the complexity of the stone substrate

and polymer application procedure may still play
a significant role, the present approach should

CONCLUSIONS offer a useful feedback to polymer chemists, help-
ing to design improved protective materials.

The work described here was aimed at correlat- As expected, side-chain fluorination improves

ing, in a direct way, polymer structure to stone the coating efficacy of these acrylic and acrylic—

Table VII Stone Specimen Surface Color Variation after Treatment with the Coating Polymers®

Candoglia Marble Noto Calcarenite

Treatment AL* Aa* Ab* AP% AL* Aa* Ab* AP%
XFDM/LM-5 -1.29 0.04* 0.56 0.68 —6.76 2.31 7.32 10.70
XFDM/LM-10 —2.08 —0.04* 0.75 0.92 -8.95 2.50 7.15 11.34
PLM-5 -1.98 -0.01* 0.61 0.76 —17.65 2.49 7.84 11.57
PLM LM-10 —2.36 0.00* 0.64 0.47 -10.53 2.88 7.74 12.49
TFEM/MA-3 -1.85 0.11 0.69 0.74 —7.42 1.76 5.10 7.89
TFEM/MA-5 -2.14 -0.02* 0.46 0.56 —8.63 2.00 5.28 8.67
Acryloid B72-3 —-1.48 -0.01* 0.30 0.35 —7.48 1.91 5.40 8.66
Acryloid B72-5 -1.87 0.022 0.36 0.38 —8.56 2.11 5.62 9.18
TFEM/BVE-5 -2.61 0.04* 0.68 0.88 —5.06 1.30 4.61 6.76
TFEM/BVE-10 —2.44 0.04* 0.27 0.30 -6.83 1.66 5.01 7.53
EM/BVE-5 -2.11 0.08 0.64 0.80 —5.86 1.41 5.04 7.50
EM/BVE-10 -2.52 0.11 0.46 0.40 —7.74 1.91 5.88 9.37
Wacker 280-C -3.07 0.00* 0.52 0.69 —2.60 0.55 1.79 2.73
Wacker 280-B -2.89 -0.01* 0.59 0.76 -1.72 0.30 1.06 1.61

2 Values to be considered negligible (statistically not significant due to large scattering of experimental data).
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vinyl ether copolymers, although their perfor-
mance is never better than that of the alkylalkoxy
siloxane product. As it has already discussed in
the introduction, the latter material has a quite
different mechanism of interaction with the
stone, creating an irreversible network with it.

The results of the capillarity water absorption
measurements have clearly shown that the in-
stantaneous water repellence of a coating mate-
rial, as indicated by contact angle data, is a some-
what misleading information if a durable protec-
tion in wet conditions is required. In particular,
the outstanding protection efficacy of the long
side-chain XFDM copolymer appears to be ex-
tremely short lasting, presumably due to local
reorganization of the fluoroalkyl groups at the
polymer—water interface as a result of aging in
the presence of condensed water. In the absence
of an effective mechanism of “reversible crosslink-
ing,” capable of granting the permanence of a
highly fluorinated polymer—water interface, the
improved bulk impermeability provided by the
short side-chain TFEM copolymers appears to
better match the requirements of a good short-
term and fair long-term protection efficacy of
these reversible coating materials. Among these
latter copolymers, the TFEM/BVE has shown the
best coating efficacy in terms of reduced water
absorption with modest reduction of vapor perme-
ability and acceptable chromatic properties. How-
ever, preliminary results indicate an insufficient
photostability of this material, suggesting that
the tertiary carbon atom with a labile CH bond on
the vinyl ether unit determines a much higher
tendency towards photodegradation compared to
the same bond in the copolymers with the MA
unit. Further studies are being carried out to
investigate how the overall fluorine content and
distribution along the macromolecule influences
the coating properties and the polymer photosta-
bility, with a particular attention devoted to al-
ternated copolymer structures. Finally, a thor-
ough understanding of the photodegradation be-
havior of coating materials on porous substrates
needs to be addressed, because quite different
photodegradation pathways could arise from the
polymer—substrate interaction.

The long side-chain XFDM copolymer induces
a pronounced darkening of the porous stone sub-
strate, while chromatic changes are almost negli-
gible on the marble. On this last substrate the low
T, copolymers give rise to an undesired tackiness
phenomena. The darkening of the calcarenite is,
nevertheless, a general problem when treating

this substrate with acrylic polymers, so a compro-
mise should be accepted between good perfor-
mances and color variations.

Financial support from the C.N.R. “Safeguard of Cultural
Heritage” Target Project (http://soi.cnr.it/~tminfo/
culturalheritage/) is gratefully acknowledged.
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