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ABSTRACT: It is commonly thought that the varnishes used by
the great violin-maker Antonio Stradivari may have a role in
determining not only the esthetical features but also the acous-
tic properties of his instruments, and the idea of a “lost secret”
is still widespread among musicians and violin-makers. Previ-
ous scientific researches on varnish samples of Stradivari’'s
instruments revealed that they were generally made by a mix
of linseed oil with and colophony or metal rosinates in different
ratios ranging between 75/25 (oil/resin) and 60/40 (oil/rosinate).
However, it is still not clear whether the mixture composition can
be related to any structural and/or functional feature of the result-
ing varnish. To investigate this aspect, we prepared varnishes
with different linseed oil/colophony (w/w) ratios and applied

INTRODUCTION Coatings made of siccative oils (e.g., linseed
oil) and diterpenic resins, especially Pinaceae ones (e.g., colo-
phony) were commonly used between the 15th and 18th cen-
tury’ to protect precious wooden artworks and to enhance
their appearance and esthetical value.? Siccative oils mainly con-
tain triglycerides of saturated and unsaturated fatty acids, which
“dry” when exposed to air due to a radical polymerization
involving polyunsaturated acyl chains. They were well known
since the 16th century as binders for varnishes, owing to their
ability to provide very glossy and transparent coatings. How-
ever, the addition of some vegetal resins to oil became a rather
common practice to obtain more elastic coating films.> In partic-
ular, such varnishes were applied on stringed musical instru-
ments created by famous violin-makers such as Antonio
Stradivari. Many assumptions have been made about the
“legendary” nature of Stradivari’s finish, which could positively
affect not only the appearance of the instruments but even their

NMR techniques to achieve information about their chemical-
physical characteristics. Here, we show that the two components
strongly interact in the solid state and that only the varnish pre-
pared from 75/25 (w/w) linseed oil/colophony mixture displays
unique properties in terms of dynamic homogeneity unlike
coatings with other compositions. Our results suggest that the
so-called “secret” of Stradivari’s finish could not be related to
unknown ingredient(s) but to a specific oil/resin composition that
provides the best performance. © 2017 Wiley Periodicals, Inc. J.
Polym. Sci., Part A: Polym. Chem. 2017, 55, 3949-3954

KEYWORDS: Antonio Stradivari; blends; molecular dynamics;
NMR; violin varnish

acoustic properties. Despite several scientific investigations, a
clear understanding of Stradivari’s finishing technique has been
not gained yet and the idea of a “lost secret” is still widespread
among musicians, violin-makers, and common people.*

Studies performed over the past decades have confirmed
that linseed oil and colophony (or equivalent compounds)
were the main components of varnishes in several instru-
ments made by Stradivari>® Different composition ratios
were suggested for investigated varnishes on the basis of the
experimental results, mainly ranging between 75/25 (oil/
resin)® and 60/40 (oil/rosinate).”

In recent years historical varnishes were “rediscovered” by
violin makers, although contemporary coatings are usually
prepared from oil/colophony mixtures with increased con-
tent of resin (up to a ratio of 1:1) with the aim of improving
varnish elasticity. Blending of colophony with linseed oil

Additional Supporting Information may be found in the online version of this article.
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FIGURE 1 '"H-NMR in CDCIl3 of pure linseed oil (a), pure colophony (b), and of the 75/25 mixture (c) (CDCl3, 300 K and radio fre-

quency field of 20.4 kHz).

requires a heat treatment at a temperature higher than
200°C. The effects induced by heating on the single compo-
nents are well known.®** The authors found that the corre-
sponding chemical modifications occurring to diterpenic
acids of colophony and to (poly)unsaturated triglycerides in
linseed oil are mainly due to oxidation and isomerization
processes.'? The study of the two-component mixture and of
the reactions that can occur between oil and colophony is
very complex, and thus only a few researchers investigated
the mechanisms involved in the interactions between the
components at a molecular level. In particular, it has been
hypothesized not only that the compounds inside oil and
resin can react by forming hybrid species but also that their
reactivity depends on the relative composition of the mix-
ture.® Moreover, the mixture’s relative composition appears
to affect the varnishes conservation state.™*

Nevertheless, it is still not clear whether linseed oil/colo-
phony ratio can be related to peculiar structural and/or
functional features of the resulting varnish layer.

Motivated by this open question, we prepared a set of var-
nishes with different oil/colophony ratios (35/65, 50/50,
65/35, 75/25, and 90/10) according to an ancient recipe.'®
Subsequently, we analyzed the oil/colophony mixtures by
both liquid and solid state NMR techniques with an
approach that is often adopted in material science for the
characterization of polymeric blends. Finally, pure compo-
nents underwent similar treatments as their mixtures and
were analogously analyzed as references.

EXPERIMENTAL

Varnishes Preparation
Linseed oil (n73054 Kremer) was supplied by Kremer-
Pigmente and colophony was purchased from Cremona-

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2017, 55, 3949-3954

tools. Both materials were used without any further
purification.

Varnishes were prepared following an ancient recipe. Accord-
ing to the reported procedure, linseed oil was heated up to
270°C and it was maintained at this temperature for 3
hours. After that, the cooked linseed oil was cooled to 150 °C
and milled colophony was added according to the envisaged
oil/resin weight ratio. The resulting mixture was heated
again at 250°C for other 30 min. Five linseed oil/colophony
mixtures with different composition (90/10, 75/25, 65/35,
50/50, and 35/65 oil/colophony) were prepared and stored
under nitrogen atmosphere, at room temperature in the dark
until they were analyzed.

The curing process was performed under UV light (2 Black
Light Blue 18W lamps, Narva, Germany) for 2 days to accel-
erate the siccative process.

Liquid State NMR

All samples (~15 mg) were completely solubilized in deuter-
ated chloroform (CDCl3). The spectra were recorded at
300 K using a Bruker Avance II 400 spectrometer operating
at 400.15 and 100.63 MHz for *H and '3C, respectively. The
instrument was equipped with an inverse broadband probe.

For the acquisition of 'H spectra, a 12.15-us pulse, a delay
time of 3 s, and 4 scans were used.

The diffusion coefficients were determined at 300 K by diffu-
sion ordered spectroscopy (DOSY) using a 2D sequence of
stimulated eco using bipolar gradients.

The 2D nuclear overhauser spectroscopy (NOESY) spectrum
was acquired at 300 K using a mixing time of 0.7 s, a delay
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in the second dimension of 8.9 us, 16 scans, and 256 experi-
ments at the second dimension.

Solid State NMR

The solid state spectra were acquired using the spectrometer
described above but with a 2.5-mm (H/F-X) cross polariza-
tion magic angle spinning (CPMAS) probe. All samples were
placed in 2.5 mm zirconia rotors filled with Vespel caps.

13C CPMAS NMR spectra were acquired with a MAS speed of
10 kHz, 1024 scans, a contact time of 1.5 ms, a delay time of
3 s, and an excitation pulse of 2.5 us on the 'H nucleus. The
optimization of the Hartmann-Hahn condition was obtained
using an adamantane standard sample. This compound was
also used as the external chemical shift reference.

The spin-lattice relaxation times in the rotating frame (T;,H)
were determined by the variable spin lock pulse sequence.
Data were acquired using spin-lock pulses ranging from 0.1
to 7.5 ms with a spin lock B, field of 57.6 kHz and a contact
time of 1.5 ms. The signals at 38 ppm of the colophony due
to the C-1 and C-14 of the abietic acid and the signal at 30
ppm which is due to the methylene groups of the fatty acids
were integrated and the obtained values were plotted versus
the spin lock pulse duration. The experimental points were
fitted by the Origin 8.0 software through an exponential
decay function. The errors of the T;,H values were provided
by the software after the fitting process.

RESULTS AND DISCUSSION

The main aim of this work was to understand whether a
particular ratio can provide special features to the resulting
coating and to put into evidence interactions between lin-
seed oil and colophony before and after varnish drying. Pure
linseed oil and colophony as well as their mixtures were at
first examined in deuterated chloroform solution.

Liquid state 'H-NMR spectra of linseed oil, colophony, and of
the 75/25 mixture before the curing process are reported in
Figure 1(a-c) (see figure S1 in the supporting information for
1H spectra of all mixtures). The spectra show several signals
due to their rather complex nature and the consequent high
number of different protons in their molecular structures.
However, most of the peaks can be unambiguously assigned.

The *H-NMR spectrum of linseed oil shows signals between
5.1 and 5.4 ppm due to the CH of the triglyceride molecules
and of unsaturated vinyl protons of fatty acids. The signals
between 4.1 and 4.4 belong to the CH, of triglycerides, 1,2-
diglycerides, and 1,3-diglycerides. The signals at 2.8 ppm are
due to the CH;, between double bonds. The multiplet at 2.3
ppm is due to CH, ester bonded to carbonyl groups while
the one at 2.0 ppm is referred to the CH, bonded to one
double bond. The signal due to the CH, bonded to methylene
ester groups is present at 1.6 ppm and the intense reso-
nance at 1.3 ppm was assigned to the aliphatic methylene
chains. Finally, the two triplets at 0.9 and 0.8 ppm are due
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FIGURE 2 2D-NOESY spectrum (CDCl;, 300 K, and radio fre-
quency field of 20.5 kHz) of linseed oil/colophony 75/25 w/
w mixture. Lines indicate the intramolecular interaction pat-
terns. [Color figure can be viewed at wileyonlinelibrary.com]

to terminal methyl groups of the linolenic acid and other
fatty acids, respectively.*®

'H-NMR spectrum of colophony can be divided in four zones.
In the spectral region between 0.5 and 1.2 ppm, sharp sig-
nals due to methyl groups can be observed. The resonances
between 1.2 and 2.0 ppm belong to methylene groups. The
signals in the spectral region between 4.7 and 6.0 ppm are
due to the endo and exocyclic double bonds of abietic acid.
Finally, the signals between 6.8 and 7.3 ppm are due to the
aromatic protons of abietic acid.'”

'H-NMR spectra of mixtures show overlapping signals due to
each single components. Their relative intensities depend on
the composition of each blend. As an example, the "H-NMR
spectrum of 75/25 mixture in CDCl; is reported in Figure 2.

Diffusion coefficients (Dy) for linseed oil and colophony in
their mixtures determined by DOSY to gather information

TABLE 1 Diffusion Coefficients Determined by DOSY Experiments
(CDCl3, 300 K and Radio Frequency Field of 20.5 kHz) for Linseed
Qil and Colophony in Their Mixtures

Diffusion Coefficients,

Dy (m?%/s-101°)
Linseed Oil/Colophony Ratio Linseed Oil Colophony
75/25 7.3+0.1 8.6 0.2
65/35 5.6 £0.2 6.6 +0.2
50/50 8.3+0.2 8.9+0.2
35/65 55*0.2 6.4+0.2
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FIGURE 3 '3C CPMAS NMR spectra of pure colophony before and after curing, linseed oil after curing, and all varnishes. On the
right side of the figure, the structure of the abietic acid is reported. [Color figure can be viewed at wileyonlinelibrary.com]

about their motional behavior in the different blends before
the curing process are reported in Table 1.

Dy values obtained for linseed oil and colophony after the
heat treatment required for the mixtures preparation are
clearly distinct. This suggests that two components have dif-
ferent motional behavior before varnish drying process prob-
ably due to scarce interactions at molecular level.

This finding was confirmed by dipolar correlation experiments
(2D-NOESY) performed on all the investigated mixtures before
the curing process to have information about the spin-spin
couplings through space. The NOESY spectrum of the 75/25
blend is reported in Figure 2, as an example (see figure S2 in
the supporting information for NOESY spectra of all mixtures).

The cross peaks in the 2D NOESY spectrum are due to intra-
molecular dipolar correlations and are related only to fatty
acids of the linseed oil. No cross peaks related to signals of lin-
seed oil and colophony can be observed in any of the analyzed
mixtures, thereby indicating the absence of strong intermolec-
ular interactions between linseed oil and colophony. These
data support the hypothesis that the components of the oil
and those of the resin fractions are poorly linked together
before the drying process, though the occurrence of reactions
and the formation of “hybrid species” just upon heat treatment
could be expected on the basis of previous studies.*®

Varnishes obtained after the curing of the different oil-
colophony mixtures were analyzed by high resolution solid
state NMR experiments. Cured linseed oil was also examined
for comparison while spectra of colophony were taken on
the native resin and after the thermal and the UV-curing
treatments. Although in recent years, solid state NMR has
been used to examine wood samples taken from some Stra-
divari’s instruments, the application of this technique to the
characterization of varnishes is not very widespread.'®? 3C
CPMAS NMR spectra of pure components and their mixtures
are reported in Figure 3 together with the abietic acid struc-
ture. The assignments of the signals in the carbon spectra
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were carried out taking into account the corresponding spec-
tra in solution

Spectrum of colophony is typical of diterpene compounds
which are the constituents of the resin. The abietic acid
structure was taken as reference for the chemical shift
assignment reported in Table 2 being the most abundant.

Spectra of coatings obtained from the different mixtures show
the signals due to cured oil and resin compounds (Fig. 3). It
should be noted that the signal resonating at 187 ppm (indi-
cated by the red circle in Fig. 3) due to the carboxyl group of
abietic acid is not present in the spectra of varnishes.

On a first attempt, we attributed the disappearing of the afore-
mentioned signal to a possible decarboxylation occurring dur-
ing the heating (> 200°C) and/or the UV-curing process,
according to literature data.'®!! However, a closer evaluation
of our data suggested another possible explanation. In fact, the
spectrum of colophony that underwent the same treatment as
the mixtures, does not display substantial changes if compared
with the spectrum of the native resin. This indicates that acidic

TABLE 2 '*C CPMAS NMR Chemical Shift Assignments

Chemical Shift  '3C Assignment

15-35 ppm Methyl groups (C-15, 16, 19, 20) and
methylene (C-1, 2, 3, 6, 11, 12)
groups (linseed oil and abietic acid)

30 ppm Methylene groups of the fatty acids chains
(linseed oil)

38 ppm Overlapping C-1 and C-14 bands (abietic acid)

48 ppm C-4 bonded to carboxyl group (abietic acid)

51 ppm C-5 and C-9 (abietic acid)

123 ppm C-7 and C-17 (abietic acid)

137 ppm C-8 (abietic acid)

144 ppm C-13 (abietic acid)

187 ppm C-18 carboxyl group (abietic acid)
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FIGURE 4 A scheme of the esterification reaction between a diglyceride compound and the abietic acid.

components of colophony do not experience CO, loss or other
reactions involving —COOH group even after thermal treatment
and curing process. However, a signal at 173 ppm can be
observed in all the coatings spectra, which can be due to the
resonance of an ester carbonyl group. Therefore, we hypothe-
size that the carboxyl group of the abietic acid (and so also the
related compounds) is involved in an esterification process,
with a consequent high-field shift of the corresponding peak in
the *C-NMR spectrum.

This observation confirms the formation of hybrid species,
obtained by reaction between diterpenic carboxylic acids of
resin and triglyceride components of the oil, which were
detected by a recent microchemical chromatographic study.'®
The same “mixed” esters could be obtained from diglyceride
compounds (derived from partial hydrolysis of triglyceride
analogues) and the same diterpenic acids."* An example of
the esterification process between a diglyceride compound
and the abietic acid is reported in Figure 4.

However, the resin components are covalently bound to the
crosslinked structure derived from the curing of the linseed oil.

The proton spin-lattice relaxation times in the rotating frame
(T1,H) were obtained to have information on the miscibility
of linseed oil and colophony in the cured mixtures at molec-
ular level.
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FIGURE 5 T,,H values of linseed oil and colophony in coatings
derived from their mixtures as function of the linseed oil con-
tent. [Color figure can be viewed at wileyonlinelibrary.com]
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T,, values provide information on molecular motions that
occur in the Kkilohertz region. Such motions are associated
with polymer backbone rearrangements involving collective
motions of monomer units.*°

It is well known that T;,H relaxation times are dominated
by the spin diffusion phenomenon that, in polymers, tends
to average out Ty,’s of all protons to a unique value. Despite
this, relaxation analysis of heterogeneous systems such as
polymeric blends can furnish valuable information.?*

In particular, identical T;, values for the two components of
a blend indicate that polymeric chains are strongly coupled
and relax at the same rate because of the spin diffusion
mechanism. A blend is then homogenous and the compo-
nents intimately miscible in a scale of tens of angstroms
when the T;,H values of the two components are equal
within the experimental error.??

For the relaxometric analysis, the signal at 38 ppm of the
colophony due to the C-1 and C-14 of the abietic acid and
the signal at 30 ppm which is due to the methylene groups
of the fatty acids were chosen.

The T;,H values of two components in the cured mixtures are
reported in Figure 5 as function of the linseed oil content
(see table S1 in the supporting information).

From the analysis of the relaxation times, it is worth noting that
all samples show different T;,H values for linseed oil and colo-
phony except for the 75/25 mixture, which can be considered a
homogeneous material in a scale of tens of angstroms as T;,H
values determined for the resin and oil components are equiva-
lent within the experimental error. To deepen this aspect, a lin-
ear fit was performed on the two sets of T;,H values. It was
surprising to find that the two lines match in a point corre-
sponding to a varnish of theoretical composition of 76.5/23.5.

CONCLUSIONS

This study affords further important information about the
oil/colophony varnishes used by the ancient violin-maker
Antonio Stradivari.

Liquid state high resolution NMR experiments are allowed to
show that no strong interactions at molecular level (e.g.,
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covalent bonds) take place between the two components
before varnish drying process. Solid state NMR analysis con-
firmed that the resin and oil components react together dur-
ing the drying step through an esterification process that
forms hybrid ester species. Moreover, it is demonstrated that
the dynamical properties of the blend materials obtained by
curing oil/colophony mixtures strongly depend on their com-
position. It should be noted that mixture composition that
provides the most homogeneous coating (75/25 w/w)
roughly corresponds to a 1:1 stoichiometric ratio, if abietic
acid and tri-linolenic glyceride are taken as representative
compounds for colophony and linseed oil, respectively. These
considerations suggest that the quality of the Cremonese fin-
ishing could be strongly related to the composition ratio of
starting oil/resin mixtures: the choice of a “correct stoi-
chiometric” ratio of the two main components, which allows
optimizing their reaction and the consequent coating homo-
geneity, could represent a new way of looking at the so
called “secret” of the Stradivari’s varnish.
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