
RESEARCH ARTICLE
www.global-challenges.com

Pinaceae Pine Resins (Black Pine, Shore Pine, Rosin, and
Baltic Amber) as Natural Dielectrics for Low Operating
Voltage, Hysteresis-Free, Organic Field Effect Transistors

Maria Elisabetta Coppola, Andreas Petritz,* Cristian Vlad Irimia, Cigdem Yumusak,
Felix Mayr, Mateusz Bednorz, Aleksandar Matkovic, Muhammad Awais Aslam,
Klara Saller, Clemens Schwarzinger, Maria Daniela Ionita, Manuela Schiek,
Annika I. Smeds, Yolanda Salinas, Oliver Brüggemann, Rosarita D’Orsi, Marco Mattonai,
Erika Ribechini, Alessandra Operamolla, Christian Teichert, Chunlin Xu,
Barbara Stadlober, Niyazi Serdar Sariciftci, and Mihai Irimia-Vladu*

Four pinaceae pine resins analyzed in this study: black pine, shore pine, Baltic
amber, and rosin demonstrate excellent dielectric properties, outstanding film
forming, and ease of processability from ethyl alcohol solutions. Their
trap-free nature allows fabrication of virtually hysteresis-free organic field
effect transistors operating in a low voltage window with excellent stability
under bias stress. Such green constituents represent an excellent choice of
materials for applications targeting biocompatibility and biodegradability of
electronics and sensors, within the overall effort of sustainable electronics
development and environmental friendliness.
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1. Introduction

The bioelectronics research, based on
functional materials displaying biocom-
patibility, biodegradability and minimal
toxicity toward humans and environ-
ment, has attracted recently increased in-
terest from the scientific community as it
is perceived as an alternative route to both
inorganic- and organic-based electronics.
Bioelectronics allows reaching unprece-
dented functionalities of electronics tar-
geting interaction with living tissue.[1–9]
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The advent of bio-organic electronics had a revolutionary impact
on the field of organic electronics per se, by complementing it
not only with additional bio integration functionalities,[10–17] but
also with improved mechanical properties,[18–22] power source
abilities,[23–27] light emitting capabilities,[28,29] enhanced electri-
cal properties,[30,31] bio-robotics features,[32] and even harvesting
the ion or proton transporting possibility.[33–39] Bioelectronics is
a stand-alone area of research which is part of “green electronics”
development, a larger umbrella considering issues of sustain-
ability in production (low energy consumption),[40–44] biodegra-
dation in a controlled manner [45–47] and minimal toxicity to the
environment[48,49] for all electronic components. Nowadays or-
ganic bioelectronics is thought to merge electronics with bio-
logical systems and even realize devices mimicking biological
functions.[50–52] Since research in organic materials for electron-
ics is largely driven by the demand for restraints in costs and
energy imbalance, the ease of processing is alongside the ma-
terial selection an essential requisite.[53–55] Nevertheless, in spite
of the intensive efforts made by the scientific community, per-
formances and reliability of organic electronic devices in general
and bio-organic electronics in particular still represent impor-
tant issues and barriers to their competitiveness in comparison
to their inorganic counterparts.[56,57] In the meanwhile, new con-
cepts are emerging, motivating researchers to implement non-
conventional thinking in finding new application niche[58] ex-
ploring novel fabrication or synthesis routes for materials and
devices.[59–62] Among the main motivations pushing forward the
bioelectronics research direction are the compelling ecological
issues caused by the society’s insatiable demand of inorganic
semiconductors, metals and other nonbiodegradable solid waste
on one side and the increasing demand for the usage of safe,
nontoxic, biocompatible and biodegradable materials and devices
for applications in biomedical field and other human-friendly
electronics (temporary communication sensors, smart packag-
ing, and devices for point-of-care and personalized medicine)
on the other side.[63–66] These motives are triggering the cur-
rent efforts pointing to the development of low cost, large vol-
ume and use-and-throw away devices that require a minute en-
ergy consumption compared to process materials and devices
commonly used in the production of state-of-the-art electronic
components.[67] Indeed “the race may not be to the swift, but
rather to the cheap.”[67] Inspiration from nature is a great advan-
tage in this framework: certainly, since nature is the oldest and
surely the most reliable among all the existing energy-efficient
systems.[68,69]

As part of the general scientific effort supporting the emerg-
ing field of bioelectronics, we investigated in this work the di-
electric properties of four different plant-origin resins originat-
ing from pine tree species, i.e., pinus nigra, pinus contorta, rosin,
and pinus succinifera. Resins are broadly defined as soft solid or
highly viscous substances, usually containing prepolymers with
reactive groups.[70] The term “resin,” initially coined by analogy
with the natural resin rosin, is now used in a narrower sense
to refer to thermosetting polymers. Irrespective of their origin
(plant or animal), natural resins are traditionally classified into
three main classes:[71] hard resins, gum resins and oleoresins,
the latter category including turpentines, balsams and elemis. As
a general rule, hard resins are freely soluble in alcohol and have
a limited solubility in water and have the terpene compounds as

their major ingredients. Hard resins are distinct to gums that are
also tree exudates, but composed mostly of various polysaccha-
rides and are freely soluble in water. Gum resins are mixture of
gums and resins containing small amount of essential oils and
are in general soluble in both water and alcohol. Gum resins
are mainly produced by plant species in dry regions; gummo-
sis can occur when resins are produced by injuries, so that car-
bohydrates and amino acids are incorporated into the exudate
compounds.[70] Oleoresins contain a higher ratio of volatile to
nonvolatile compounds than other resins; balsams contain cer-
tain esters that are aromatic (e.g., benzoic or cinnamic acids),
and therefore, they are commonly used as fragrances and in tra-
ditional medicine. Most of the resins belonging to these three
classes have attracted deep interest for their medicinal properties
and/or have been exploited in the industrial production of var-
nishes and lacquers and in the preparation of incenses and per-
fumes. While gums decompose completely upon heating without
melting, resins melt – increasing their temperature over the melt-
ing point results in a progressive distillation of volatile oils. Wood
resin molecules are bound to one another through intermolecu-
lar cohesive forces, which are easily disturbed when heated or
dissolved.

In this work we processed all the four resins from their sol-
ubilized form in ethanol. Although resins can be solubilized
also in fatty and natural essential oils, we did not pursue these
avenues. The dissolved resins were filtered through a 20 μm
pore hydrophilic filter and used without any further purifica-
tion. They have been processed as dielectric capping layer on
electrochemically grown aluminum oxide inorganic layer and
dried by heating for 1 h at mild temperatures not exceeding
80 °C. The cast films were used as gate dielectric layers in p-
and n-type operating field effect transistors (OFETs) with pen-
tacene and C60 semiconductors, respectively. Apart from the pro-
cessability and film forming characteristics of the resins, we
have investigated their composition by Gas Chromatography,
their surface morphology by Atomic Force Microscopy (AFM),
their surface dipole formation by Kelvin Probe Force Microscopy
(KPFM), and their dielectric properties (both static and complex
dielectric properties) by Impedance Spectroscopy and Ellipsom-
etry respectively. Optical properties of the respective resins were
recorded by Fourier Transform Infrared Spectroscopy (FTIR).
The evolved gas analysis-mass spectrometry (EGA-MS) analy-
sis was performed to investigate the thermochemistry of the
resins and to highlight the occurrence of a volatile and/or macro-
molecular fraction within their composition. Quantitative 31P-
NMR spectroscopy was performed to analyze compounds in
terms of mmol per gram of hydroxyl groups as phosphite deriva-
tive. Bias stress testing of the fabricated OFETs was performed
in a continuous electrical stressing spanning between 12 and
14 h. The scope of this article is to bring together the field of
biology, electronics fabrication and materials science for a co-
ordinated thrust in the direction of sustainable electronics de-
velopment. The article is structured in subchapters dedicated
to each of the four resins considered, comprising therein the
full set of investigations performed on the respective mate-
rial. The summary of all the individual properties of the an-
alyzed resins is presented in tabulated form at the end of
the article text, allowing for a quick comparison of their cha-
racteristics.
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Table 1. Concentrations (mg/g dry ethanol extract) in species of Pine resins
analyzed in this work. RA = Resin Acid; nd = not detected.

Component Black
Pine

Shore
Pine

Rosin Baltic
Amber

Mono- and sesquiterpenoids

Longifolene nd nd 2.62 nd

Camphor nd nd nd 0.941

Isoborneol nd nd nd 24.1

Tetrahydrocarvone nd nd nd 0.230

Sum 0 0 2.62 25.3

Diterpenoids

RAs:

Secodehydroabietic acids nd nd nd 0.294

Pimaric acid 6.69 3.09 18.5 6.30

Sandaracopimaric acid 2.24 1.29 2.72 nd

Isopimaric acid 18.5 8.14 2.41 7.1

Abietatetraenoic acid(s) 5.73 0.818 3.37 nd

Palustric acid 7.95 4.45 1.13 nd

Dehydroabietic acid (DeAb) 64.9 25.9 38.2 5.724

Abietic acid (Ab) 17.9 7.44 29.0 nd

Abietapentaenoic acid 0.526 nd nd nd

Neoabietic acid 4.22 1.57 nd nd

Dehydroabietol nd nd nd 2.02

8,15-Pimaradien-18-oic acid nd nd nd 18.9

Sum 129 52.7 95.3 40.32

Oxidised RAs:

Hydroxy-DeAbs 32.6 8.57 8.99 nd

Hydroxy-Ab(s) 3.64 1.91 nd nd

Dihydroxy-DeAb(s) 7.29 1.68 2.38 nd

Hydroxy-7-oxo-DeAb 4.63 0.605 5.45 nd

Sum 48.2 12.8 16.8 0

Other diterpenoids:

Thunbergene(s) nd 0.305 nd nd

Cis-abienol nd 0.434 nd nd

Manool nd 8.17 nd nd

Manool oxide nd nd nd nd

Pimaral 0.561 0.366 nd nd

Isopimaral 0.748 0.222 nd nd

Pimarol 4.22 2.99 0.852 nd

Isopimarol 4.95 0.936 nd nd

Dehydroabietol nd 0.662 nd nd

Sum 10.5 14.1 0.852 0

Small-molecular aliphatic acids

Lactic acid 2.71 1.90 1.31 3.12

3-Hydroxypropanoic acid 0.335 nd 0.167 nd

Succinic acid 0.460 nd 0.281 nd

Levulinic acid 0.233 nd nd nd

2-Methyl-4-oxopentanoic acid 0.226 nd nd nd

Methylsuccinic acid 0.100 nd nd nd

Ethyl-/diethyl succinate nd nd nd 13.1

Sum 4.06 1.90 1.76 16.22

(Continued)

Table 1. (Continued).

Component Black
Pine

Shore
Pine

Rosin Baltic
Amber

Fatty acids and alcohols

n-Octanoic acid nd 0.409 nd nd

n-Nonanoic acid nd 0.108 nd 0.193

n-Hexadecanoic acid 1.40 0.364 1.60 0.541

n-Heptadecanoic acid 3.29 nd nd 0.702

n-Octadecanoic acid nd 0.230 0.345 nd

n-Hexadecanol 0.224 0.233 nd nd

n-Octadecanol nd 0.205 nd nd

Sum 4.91 1.55 1.94 1.44

Aromatic compounds

Resorcinol nd 0.353 nd nd

Vanillin 0.321 2.89 nd nd

Cinnamic acids nd 2.08 nd nd

4-Hydroxy-benzaldehyde nd 0.168 0.385 nd

Ferulic acid 1.47 4.81 nd nd

4-Hydroxycinnamic acid nd 1.05 nd nd

Caffeic Acid 0.353 5.98 nd nd

1-Guaiacylglycerols nd 0.377 nd nd

Monomethyl pinosylvin nd 0.742 0.359 nd

Isolariciresinol nd 0.292 nd nd

Secoisolariciresinol nd 1.63 nd nd

Lariciresinol nd 15.9 nd nd

Matairesinol 0.789 8.88 nd nd

Pinoresinol 3.80 39.1 nd nd

7′-Oxolariciresinol (?) nd 0.948 nd nd

1,5,8-Trimethyltetralin nd nd nd 0.357

Sum 6.73 85.2 0.359 0.357

Miscellaneous

Carbonic acid 1.18 nd nd

Glycerol 0.518 0.384 0.322 2.32

Cholestadiene 3.07 0.349 nd 14.7

Diacetone alcohol 1.16 1.45 nd 12.0

N,N-diethylcarbamic acid 0.246 nd nd 1.05

Ethyleneglycol nd 2.29 nd 2.68

Sum 6.17 4.47 0.322 32.7

Identified, Sum 210 173 120 116

Unindentified Peaks 43 28 83 66

% GC Eluting 25.3 20.1 20.3 18.2

2. Results

The results of gas chromatography measurements are comprised
in Table 1.

Tables 2 and 3 present the full list of identified compounds by
high-performance liquid chromatography-high resolution mass
spectrometry (HPLC-HRMS) and size exclusion chromatogra-
phy (SEC).

The chemical structure of the most prominent constituents is
presented in the schematic of Figure 1.
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Table 2. HPLC-HRMS analysis of the soluble fraction of the resins.

tR (UV) [min−1] MH+ Name/sum formula Rosin Black Pine Shore pine Baltic amber

% area (UV)

6.15 181.0493 C9H8O4 10.81

8.17 165.0544 Hydroxycinnamic acid
C9H8O3

5.48

9.24 195.065 C10H10O4 0.45 24.44

9.93 377.1593 C20H24O7

11.47 375.1438 C20H22O7

11.58 327.1588 C20H22O4

11.92 219.1014 C13H14O3

12.39 359.1486 C20H22O6

12.54 305.1380 C17H20O5 1

13.1 341.1382 C20H20O5 0.28 0.37 4.44

13.48 333.2058 C20H28O4 2.17 0.94

13.52 417.1542 C22H24O8

13.75 359.1485 C20H22O6 8

14.32 343.1536 C20H22O5

14.62 523.196 C29H30O9

14.83 317.2109 C20H28O3 3.61

14.9 315.1952 C20H26O3 1.55

15.01 331.1901 C20H26O4 6.93 2.8

15.34 317.2108 C20H28O3 3.04 0.88 2.22

15.39 507.2011 C29H30O8

15.61 333.2057 C20H28O4 2.98

15.80 353.2142 Ambiguous 13.23

16.54 299.2004 C20H26O2 3.71 1.6 3.42

16.88 415.2112 C24H30O6 0.89

16.95 227.1065 C15H14O2 5.04

17.18 319.2265 C20H30O3 7.27

17.57 259.1901 C14H26O4 16.57

17.75 301.2159 Retinoic acid
C20H28O2

5.44 0.68

17.76 317.2108 C20H28O3 1.49 2.03

17.94 299.2003 C20H26O2 1.33 0.68 2.71

18.18 315.1952 C20H26O3 8.95 1.33 1.3

18.39 317.2108 C20H28O3 2.65

18.41 289.252 C20H32O2

18.65 335.2214 C20H30O4 0.61

19.41 305.2472 C20H32O2 4.58

19.74 301.2159 C20H28O2 2.96 4.85 2.1 6.01

20.26 301.2158 C20H28O2 3.45 13.1 2.99

20.62 no mass signal Overlapping with
isopimaric acid

6.87

20.69 303.2314 Isopimaric acid 33.47 38.54 24.2 16.2

21.05 285.2211 C20H28O 1.67

21.29 271.2418 C20H30

21.35 289.2522 C20H32O

21.44 273.2573 C20H32

21.77 273.2574 C20H32

22.23 287.2367 C20H30O 0.39

Total: 85.44 87.35 90.28 61.63
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Table 3. Size exclusion chromatography of the resins.

Resin Mn [g mol−1] Mw [g mol−1] Ð

Black pine 299 524 1.8

Shore pine 346 841 2.4

Rosin 298 459 1.5

Baltic amber 410 1850 4.5

31P NMR spectra are reported in Figure 2a–d where the respec-
tive panels display the results in the spectral range from 130 to
150 ppm. The calculated hydroxyl content is reported as mmol
per gram of sample in Table 4. Integration is referred to as choles-
terol, used as an internal standard.

This spectroscopic analysis is particularly useful for the quan-
tification of carboxyl units present on molecular backbones, as
these groups are potentially ionizable once resins are deposited
in thin film. Furthermore, the analysis allows to distinguish phe-
nol units, which are typically derivatives of shikimic acid (non-
terpenic derivatives). However, the analysis records only phenol
rings with a free -OH group, not considering the ones that un-
derwent condensation (ether formation), which is a clear indi-
cation of molecular aging. Valuably, in these experiments, the
derivatization yielded in every case clear solution, so the analy-
ses are representative of all samples. Confirming data of GC–MS,
a higher number of aromatic rings with free phenolic hydroxyls
was detected in Shore Pine resin. In the other resins, their con-
tent was appreciably lower. They could not be detected in Baltic
amber resin, while in black pine and rosin resins the content of
aromatic rings with substituted phenolic groups was significantly
lower than in shore pine resin. Baltic amber is a fossilized resin,
therefore the complete lack of free phenolic groups is taken as
an indication of a higher degree of condensation. This analysis
confirms also the higher concentration of carboxyl groups and
aliphatic alcohols in black pine and rosin resins, in agreement
with results from GC–MS analyses.

2.1. Black Pine (Pinus Nigra)

2.1.1. Resin Type and Composition

The black pine (pinus nigra) resin was collected from a living tree
growing in the city of Weiz, Austria, at an altitude of ≈480 m. The
original resin deposit was captured in the photograph of Figure 3.
The amount of resin produced by the respective tree was really
impressive, as is clearly visible in the photograph, and most likely
resulted because of wounds inflicted to the tree by the city garden-
ers’ personnel. What is not clear though at this time is how old
was the resin and also if this fact matters or not for the electronics
development.

Black pine (pinus nigra) is a fast-growing coniferous evergreen
tree that is found in the European Mediterranean regions, the
high mountains of Northwest Africa, and Asia Minor. The cover-
age of the black pines in the Black, Marmara and Aegean Seas,
Taurus Mountain and Central Anatolia regions was estimated to
be about 4.2 million ha.[72] The tree was also introduced to North
America by the European colonists and become soon naturalized.
Black pine has two main subspecies, pinus nigra subsp. salzman-

nii (Corsican pine) and pinus nigra subsp. nigra, the latter also
called Austrian pine, the one that provided in fact the collected
resin analyzed in this work (Figure 3). Black pine trees can grow
up to 40 meters high with a long-life span of 400 years or even
more. It is monoecious with the difference in color of male and
female species, i.e., yellow for male catkins and reddish for fe-
male inflorescences, respectively. Ascribed to its tolerance to pol-
lution and striking visual appearance, black pine is often planted
in the parks and other plantation areas for décor purposes. The
black pine wood is also widely used for general construction, fu-
elwood, and papermaking. Its wood finds particular use as inte-
rior floors due to its high durability, high resin content and ease
of processability. For example, resin content in the heartwood of
Corsican black pine is found to be as high as 20%. Turpentine can
be derived from pine resin and finds numerous ethnomedicinal
usages such as treatments for skin conditions, asthma, wounds,
bronchitis, the common cold and cough ascribed to its strong
antioxidant and analgesic effects.[73] For that purpose, black tar
(derived from the black pine) is still used in folk medicine, par-
ticularly in Turkey.[74] The callus resin’s original German term
“‘Überwallungsharz”’ was originated to specifically describe the
resin generated surrounding the wound closure of Austrian black
pine. As in most pinaceae resins, resin acids were the dominat-
ing compounds in the composition of black pine, with dehydroa-
bietic dominating (6.5% in our analysis, see data presented in
Table 1 and 2). Other important resin acids were hydroxylated
dehydroabietic acids (3.3%), followed by isopimaric and abietic
acid (1.8% each), palustric acid (0.79%), pimaric acid (0.67%),
abietatetraenoic acid (0.57%), and neoabietic acid (0.42%). Other
diterpenoids detected were isopimarol (0.49%), pimarol (0.42%),
isopimaral (0.075%), and pimaral (0.056%). The diterpenoids ac-
counted altogether for 19% of the resin weight. Other important
compounds detected were the lignans pinoresinol (0.38%) and
matairesinol (0.079%), ferulic acids (0.15%), and cholestadiene
(0.31%). Only 25% of the material eluted from the GC column.
The results of GC–MS analysis are presented in Table 1 whereas
Tables 2 and 3 present the full list of identified compounds by
high-performance liquid chromatography (HPLC) and size exclu-
sion chromatography (SEC) methods respectively. The chemical
structures of the most prominent constituents of the black pine
resins are presented in Figure 1.

2.1.2. Structural Characterization

The ATR-FTIR spectrum of black pine resin is shown in Figure 4.
The presence of a large share of resin acids in the material is in-
dicated by the very broad absorption band in the wavenumber re-
gion of 3600–2500 cm−1, centered at around 3000 cm−1, which
is characteristic for the O–H stretch vibration of intermolecu-
larly hydrogen-bonded –COOH groups. The strong C ═ O stretch
vibration band at 1692 cm−1 further evidences the prevalence
of carboxylic acid-containing compounds. The spectral position
of the band is typical for solid diterpenoid resin acids.[75,76,77]

Additionally, low intensity bands at 2658 and 2535 cm−1 can
be observed which correspond to overtone bands of the car-
boxylic acid vibrations.[75] The absorption bands at wavenum-
bers of 2929 and 2868 cm−1 correspond to the C–H stretching
vibrations of methylene and methyl groups, while bands at 1460,
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Figure 1. Schematic of the major constituents of the analyzed Pinaceae pine resins in this study.
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Figure 2. 31P-NMR spectra: a) Black pine; b) Shore pine; c) Rosin; d) Baltic amber.

Table 4. Quantitative 31P-NMR analysis of hydroxyl groups reported as
mmol per gram of resin. Integration limits.

Chemical Group Black Pine Shore Pine Rosin Baltic Amber

Aliphatic OHa) 0.61 0.84 0.64 0.23

Phenolic OHb) 0.09 0.12 0.05 nd

Substituted Phenolic OHc) 0.44 2.53 0.30 nd

Carboxylic acidd) 2.54 1.99 2.90 0.60
a)

149.0–146.0 ppm;
b)

phenolic hydroxyl content, 138.8–137.4 ppm;
c)

content of
phenolic hydroxyls with substitution on C5 carbon of the aromatic ring, 143.0–139
ppm;

d)
136–133.6 ppm; nd: not detectable.

Figure 3. Photograph of the collected black pine resin.

1385, and 1365 cm−1 stem from the bending vibrations of these
groups. The band at 3076 cm−1 corresponds to C–H stretch-
ing vibration of unsaturated hydrocarbon molecules. Absorption
bands in the wavenumber range of 1270–1036 cm−1 can be as-

Figure 4. ATR-FTIR spectrum of pine resin.

signed to the O–H deformation and C–O stretching vibrations
of oxygen-containing functional groups and to the in-plane C–H
bending vibrations in unsaturated cyclic hydrocarbons, respec-
tively. The two absorption bands at 1606 and 1515 cm−1 corre-
spond to aromatic ring C = C stretching vibrations. Two strong
bands at or near these two wavenumber values are typical of
4hydroxyphenyl[78] or 4hydroxy3methoxyphenyl (guaiacyl)[79,80]

substituent groups as found in lignan resin components such
as pinoresinol. The low relative intensity of the absorption bands
at 1606 and 1515 cm−1 observed for the investigated black pine
resin corroborates the low fraction of phenolic lignan compounds
(mainly pinoresinol) as found by GC–MS analysis. The aromatic
diterpenoid dehydroabietic acid which was identified as one of
the major components in the GC eluents of the resin shows no
distinct C ═ C bands in this wavenumber region according to the

Global Challenges. 2023, 2300062 © 2023 The Authors. Global Challenges published by Wiley-VCH GmbH2300062 (7 of 34)
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Figure 5. Thermogravimetric analysis of black pine.

FTIR spectrum reported for the pristine material.[77,81] The ab-
sorption bands in the low wavenumber region of 906–653 cm−1

can be assigned to the out-of-plane C–H bending vibrations of
alkenes with different substitution patterns (e.g., vinyl groups as
in isopimaric acid or trisubstituted C ═ C bonds as in abietic acid)
and of aromatic rings, respectively.[77] The pronounced absorp-
tion band at 822 cm−1 can be assigned to the out-of-plane C–H
bending in aromatic rings and, due to the band position, may
be attributed to the large fraction of dehydroabietic acid in the
resin.[77,81,82]

Absorption bands in the wavenumber range of 1270–
1036 cm–1 can be assigned to the C–O stretching vibrations of
oxygenated hydrocarbon groups and to the in-plane C–H bending
vibrations in cyclic alkenes or aromatics (Figure 4). The absorp-
tion bands at 906, 881, 708, and 653 cm−1 are assigned to the out-
of-plane C–H bending vibrations of alkenes with different substi-
tution patterns (Figure 4) and can be related to aliphatic terpenoid
resin constituents with C ═ C bonds in different positions. The
absorption band at 822 cm−1 arises from the out-of-plane C–H
bending in aromatic rings (Figure 4).

2.1.3. Thermogravimetric Analysis

Thermogravimetric analysis of black pine revealed exothermic
reactions that start to occur when heating the resin above
240 °C (decomposition temperature, Td), under a nitrogen atmo-
sphere (see Figure 5), which is in agreement to other literature
reports.[83,84] In the case of black pine, the first weight loss oc-
curs below 120 °C, due to the evaporation of the adsorbed water
(≈1%) and other fragrance species. The second and most pro-
nounced weight loss ≈88%) appeared between 120 and 450 °C.
The third weight loss occurs at higher temperatures, between
450 and 650 °C, where ≈9% of mass is lost. In general, three
main weight loss stages or degradation zones can be attributed
to hemicelluloses, 250–300 °C, cellulose, 300–350 °C, and lignin,
350–500 °C).[85,86] Among these temperature ranges, the weight
loss from 330 to 430 °C, could be attributed to the “plasticization”
transition, and precarbon formation, as reported elsewhere.[87]

The remaining weight of the black pine resin after the burning
process at 900 °C is ≈1.12%.

2.1.4. Surface Investigation

We performed surface investigation of black pine resin via con-
tact angle measurement, AFM and KPFM.

Figure 6a presents a typical surface morphology observed for
the black pine samples. The RMS roughness parameter was
used to characterize smoothness of the investigated resin sur-
faces. RMS roughness of spin-coated black pine surface was de-
termined to be (4.83 ± 0.29) nm. The corresponding surface po-
tential map is shown in Figure 6b. The main features observed
in the KPFM image are correlated to higher and lower regions of
the resin layer and are most likely originating simply from the
probe being closer and further from the grounded electrode un-
derneath the resin layer. The CPD RMS fluctuation was found to
be (3.12 ± 0.29) mV. In comparison, clean SiO2 surface grown
by wet oxidation of Si wafer (as a common gate insulator) mea-
sured under the same conditions yields a CPD RMS fluctuation
of (17.40 ± 4.30) mV, while the surface of SiO2 is about one or-
der of magnitude smoother than that of black pine resin. Far
smoother surface potential map of black pine in comparison to
SiO2 indicates lower amount of trapped charges and dipoles in
the dielectric and on the dielectrics surface. These findings sup-
port the virtually hysteresis-free behavior of the black pine-based
OFETs (to be shown in the electrical measurement section of this
article), and point out to the high quality of the dielectric layer and
its uniformity on the micrometer-scale.

The contact angle measurement for black pine revealed a
weakly hydrophilic surface with a water contact angle of ≈68°,
having a total surface energy of 49.1 mN m−1, separated into a
disperse and a polar component of the values 42.2 and 6.9 mN
m−1 respectively (see Figure 7).

The topography of the two semiconductors grown on pine
resin is presented in Figure 8. The morphology of the pentacene
and C60 differs significantly, as Figure 8 shows. Both grains are
uniform in size, but pentacene grows in aggregates of grains of
typical size of 200 to 300 nm and an RMS surface roughness of
≈33 nm, whereas the grains of C60 are very small, in the range of
10 to 20 nm, with an RMS surface roughness of ≈7 nm.

2.1.5. Dielectric Investigation

Impedance spectroscopy represents a very informative investiga-
tion for understanding the processes that occur at interfaces be-
tween two different materials, e.g., processes that lead to changes
in physical properties of the system, i.e., electrical, crystallo-
graphic, mechanical or even compositional.[88] In the present
case, impedance spectroscopy helps explaining changes in elec-
trical properties of the system by studying the influence of polar-
ization on the variation of electrical conductivity of the dielectric
film. Thus, by performing the conductivity measurement over a
wide range of frequencies (i.e., 1 MHz to 1 mHz), impedance
(dielectric) spectroscopy offers valuable pieces of information on
various conductive species and pathways, each of them being ac-
tive in a particular frequency window. Here, we were interested
to see possible relaxation of the loss angle and sharp increase
of capacitance at low frequencies (below 1 Hz), both correlated
events indicating the presence of mobile ionic species in the
dielectric.[89,90,91]

Global Challenges. 2023, 2300062 © 2023 The Authors. Global Challenges published by Wiley-VCH GmbH2300062 (8 of 34)
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Figure 6. AFM and KPFM of black pine resin on gold-coated glass. a) 10 × 10 μm2 topography image of the investigated surface (z scale 30 nm); b)
corresponding surface potential map at the tip lift of 25 nm (z scale 20 mV). RMS roughness parameters are indicated for the corresponding images.

Figure 7. Contact angle of black pine resin. Left angle (water): 67.4°; Right angle (water): 68.1°. Total surface energy, 49.1 mN m−1 with a polar component
of 6.9 mN m−1 and disperse component of 42.2 mN m−1.

Figure 8. AFM scan of a) pentacene on black pine resin, RMS ≈ 33 nm and b) fullerene C60 grown on black pine resin, RMS ≈ 7 nm. The two scans
were performed in the channel of the measured OFET devices presented in Figure 10.

Global Challenges. 2023, 2300062 © 2023 The Authors. Global Challenges published by Wiley-VCH GmbH2300062 (9 of 34)
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Figure 9. a) Impedance measurement of black pine resin; b) complex refractive index of black pine resin.

We performed dielectric measurements on a 218 nm thick
film of black pine resin cast from a 0.1 g mL−1 stock solution
in ethanol, spin coated and dried on 1 mm wide aluminum elec-
trode in a metal–insulator–metal configuration, with aluminum
as the top electrode material. We measured the dielectric spec-
troscopy between 1 MHz and 1 mHz and observed a very uni-
form capacitance all over the measurement range down to about
30 mHz, followed by an increase by almost one order of magni-
tude. The respective frequency window (i.e., 1 to ≈30 mHz, see
Figure 9) is not relevant for solid state electronics and indeed the
OFETs with black pine dielectric showed minimal hysteresis in
both transfer and output characteristics, as it will be shown in the
transistor measurement section.

From the plotted data of the capacitance at 1 kHz, we extracted
a dielectric constant of 4 for black pine resin. The spread of
the dielectric constant for the 16 investigated MIM structures
was ±0.1 for black pine. The film of 218 nm thick given here
as an example broke at 124 V, which translates into a break-
down field of 5.7 MV cm−1 for black pine resin processed from
ethanol. All the 16 analyzed MIM structures consisted of resin
films cast from the same solution and at an identical rotation
speed, therefore the variation of film thickness was consequently
minimal. We did not pursue a classic study of breakdown field
that takes into consideration the variation of the thickness of the
dielectric in order to establish a Weibull distribution of the re-
sults, and this will be discussed further in the Section 4 of this
article.

The isotropic complex refractive index, n and k, of black pine is
displayed in Figure 9b). Black pine has multiple absorption bands
within the UV tailing out into the visible range, which gives the
resin a slightly colored appearance in thicker layers. Otherwise,
the real refractive index n has little dispersion ranging between
1.6 and 1.5 being similar to silicon dioxide or glass.

2.1.6. Electrical Measurements

We fabricated field effect transistors on black pine resin capped
aluminum oxide gate electrode, with both pentacene and C60
semiconductors. The source and drain electrodes of the devices
were made from aluminum in case of fullerene and gold in
case of pentacene. The OFET devices were fabricated with the
organic semiconductors (i.e., pentacene and C60) deposited on
top of a combo dielectric layer comprised of electrochemically

grown aluminum oxide inorganic layer (anodized to 10 V, hav-
ing a thickness of ≈18 nm) capped by a thin layer of black pine
resin cast from a 25 mg mL−1 stock solution and dried at 80 C
for 1 hour in air on top of a hot plate. The typical thickness of
the organic resin dielectric was in the range of 60 nm, and the
specific capacitance C0d of the bilayer was situated in the range
of 36 nF cm2. The devices specific C0d values are indicated in
Figure 10a,b).

The typical transistor characteristics of pine resin dielectric
showed hysteresis free behavior both in transfer and output char-
acteristics for pentacene semiconductor (see Figure 10a), but
at the same time it displayed a significant hysteresis for the
fullerene semiconductor especially in the output characteristics
(see Figure 10,d). The dielectric behavior was characterized by
low leakage in the range of 100 pA all throughout the measure-
ment range (i.e., 0–8 V for fullerene semiconductor and 2 to −9
V for pentacene semiconductor). The calculated semiconductor
mobility was in the range of 0.03 to 0.05 cm2 V−1 s−1 for both
type of semiconductors involved in the study. As explained in
the Experimental Section, we did not pursue in this work the av-
enue of obtaining record mobilities for the organic semiconduc-
tors, but investigated the dielectric behavior instead. With this re-
spect, we did not optimize the deposition of the organic semicon-
ductors to the particular interface (each resin), but used a stan-
dard, identical recipe for all the pine resins. Moreover, we did not
employ in this study an organic semiconductor of ultimate pu-
rity (but merely a one-time grade purified by sublimation), a fact
that could have had a significant influence over the final mobility
values, as thoroughly presented in our recent study.[92] The sub-
threshold swing of the two semiconductors deposited on black
pine capping layer of AlOx dielectric was 0.9 V dec−1. for pen-
tacene and 0.8 V dec−1. for fullerene. In the same time, the nor-
malized subthreshold swing values were 17.1 V nF cm−2 dec−1.
for pentacene and 28.7 V nF cm−2 dec−1. for C60. As it was the
case with the calculated field effect mobility, also the normalized
subthreshold swing was in the same value range for both pen-
tacene and fullerene transistors, despite the slight difference in
the thickness of the black pine dielectric, which is visible in the
small discrepancy of the normalized capacitances, C0d. A charac-
teristic of black pine resin was the inducing of relatively high OFF
level of the organic transistor characteristics (a fact more promi-
nent in the case of fullerene), possibly because of the tendency
of the dielectric material to charge the semiconductor in its OFF
state.

Global Challenges. 2023, 2300062 © 2023 The Authors. Global Challenges published by Wiley-VCH GmbH2300062 (10 of 34)
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Figure 10. Transistor measurements of black pine resin on AlOx gate with pentacene and C60 as organic semiconductors. a,b) are the transfer charac-
teristics at different drain voltages Vds and c,d) the output characteristics for gate voltages 0 ≤ Vgs ≤ 9 V of pentacene and 0 ≤ Vgs ≤ 8 V for C60 OFETs,
respectively. The capacitance C0d is shown as inset in panel a) for pentacene and in panel b) for C60. Also indicated are the hole and electron mobilities,
μh and μe respectively, as well as the concentration of precursor resins solutions in ethanol.

Figure 11. a) Bias stress (B.S.) and b) recovery after B.S. of the black pine OFET transistor characteristics with pentacene semiconductor. Scans were
performed at 15 min interval, but the rest of the curves were omitted from the graph to avoid cluttering.

We performed bias stress measurement of the pentacene-
based OFET used for transfer and output characteristics, and the
results are shown in (a) and (b). We stressed the device at the
maximum voltage used for transfer measurement (i.e., −9 V),
while keeping both these drain and gate voltages constant for
14 h stress time. We measured the transfer characteristic at the
beginning of the test, as well as immediately after releasing the
electrical stress, and recorded a ≈56% retention of the Ids cur-
rent after releasing the bias stress. We continued to measure the
recovery curve of the devices with 5 min increment, but for the
simplicity and the avoidance of the cluttering of the graph, we
show only the transfer curve where the full or nearly full recov-
ery was measured. In the case of black pine, the ON level of the
drain current, as well as the threshold voltage, recovered after 2 h

and 15 min relaxation after the bias stress time of 14 h. A similar
bias-stress measurement with C60 semiconductor provided more
modest results (data not shown), with below 15% Ids retention af-
ter completion of the bias stress, and recovery in ≈6 h (Figure 11).

We performed also the brief stability under consecutive scan-
ning experiment for black pine-based OFETs with pentacene
semiconductor (see Figure 12), and observed that black pine resin
and pentacene OFET behaves rather modest regarding this type
of measurement stability, with about 200 mV shift of the thresh-
old voltage after only 6 consecutive scans. In the same time the
transfer characteristics showed a significant (one order of mag-
nitude increase of the OFF level) of the device, alongside the sub-
stantial (≈18%) increase in ON current, from 1.21 × 10−6 to 1.42
× 10−6 A (see Figure 12).

Global Challenges. 2023, 2300062 © 2023 The Authors. Global Challenges published by Wiley-VCH GmbH2300062 (11 of 34)
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Figure 12. Consecutive measurement stability for black pine resin dielec-
tric with pentacene semiconductor. The Vth1 and Vth6 are the threshold
voltages for the 1st and 6th consecutive scan respectively.

Figure 13. Photograph of the shore pine resin.

2.2. Shore Pine (Pinus Contorta)

2.2.1. Resin Type and Composition

The samples of pinus contorta were collected in August 2017 near
Buffalo hump, Nez Perce National Forest, Northern Idaho, USA,
at an altitude of circa 2500 m. We did not record, unfortunately
a picture of the resin in its host tree, but are able to present in-
stead, the picture of the collected resins in Figure 13. Pinus con-
torta is an evergreen coniferous, who grows on the coastal ar-
eas or mountain slopes of the North American continent, and is
praised for both its high wood quality as well as its exquisite orna-
mental purposes.[93] Pinus contorta has quite a few subspecies,[94]

and depending on the respective subspecies, it can be broadly di-
vided into shrub and tree lines. The shrubs can grow up to 3 m
tall, while trees can reach heights of 50 m,[95] with the tallest sub-
species known being murrayana. Shore pine occasionally reaches
300 years of age, but in reality, rarely lives to become that old. The
reason behind it is that when pinus contorta reaches full matu-
rity (i.e., about 100 years of age), it is attacked by bark beetles,
particularly the mountain pine beetle, for which the tree does not
have adequate defense mechanisms.[96] In a recent study of Mar-

tinson et al. about beetle attack on pinus contorta it was showed
that slower growing trees produced less resin than faster grow-
ing conspecifics[97] and therefore are more prone to the attack of
the beetle due to limited resin production to help in defense; the
resin is believed to engulf the larvae of the beetle and suppress
their development to adult beetles, therefore defending the tree
in the process. The resin of pinus contorta was exploited for its
medicinal uses by the natives of North America: as an ointment
for relieving the rheumatic pains or other sores, or as a chewing
gum to treat sore throats.[98]

In this resin, as demonstrated by our GC analysis, lig-
nans formed the dominating compound group (8.5%), fol-
lowed by diterpenoids (8.0%). The dominating compound was
pinoresinol (3.9%), followed by dehydroabietic acid (2.6%) and
lariciresinol (1.6%). Other important detected compounds were
the resin acids isopimaric acid (0.81%), abietic acid (0.74%),
palustric acid (0.44%), pimaric acid (0.31%), and neoabietic acid
(0.16%) and the other diterpenoids pimarol (0.30%), isopimarol
(0.094%), pimaral (0.037%), and isopimaral (0.022%). Impor-
tant detected aromatic compounds were matairesinol (0.89%),
caffeic acid (0.60%), ferulic acids (0.48%), vanillin (0.29%), cin-
namic acids (0.21%), secoisolariciresinol (0.16%), and isolari-
ciresinol (0.029%). Cholestadiene accounted for 0.035% of the
resin weight. Only 20% of the material eluted from the GC col-
umn. Although the two pine trees (pinus nigra and pinus contorta)
may carry some physical resemblance to one another, the chemi-
cal content and composition of their resins differed substantially,
as demonstrated by our composition analysis. In addition to GC
analysis, we also performed high-performance liquid chromatog-
raphy (HPLC) and size exclusion chromatography for the shore
pine resin, and the findings are presented in Tables 2 and 3, re-
spectively. The chemical structure of the most prominent con-
stituents of the shore pine resin is presented in Figure 1.

2.2.2. Structural Characterization

Figure 14 shows the ATR-FTIR spectrum measured for the in-
vestigated shore pine resin. The spectrum features a broad ab-
sorption band centered at 3335 cm−1 which is characteristic of
a hydroxyl group O–H stretching vibration broadened by hydro-
gen bonding. The band can be attributed to the large share of
phenolic lignan compounds in the resin which comprise pre-
dominantly pinoresinol and lariciresinol. The large fraction of
phenolic lignans in the resin as found by GC–MS analysis is
further corroborated by the large relative intensity of the charac-
teristic aromatic C ═ C stretching vibration bands at wavenum-
bers of 1603 and 1514 cm−1 .[78,79,80] The FTIR spectrum also
shows a very broad carboxylic acid O–H stretching band in the re-
gion of ≈3600–2500 cm−1 which is superimposed by the hydroxyl
OH and the unsaturated hydrocarbon C-H (3066 cm−1) and satu-
rated hydrocarbon C–H stretching bands (2931 and 2867 cm−1).
Other characteristic carboxylic acid bands are the overtone bands
at 2664 cm−1 and 2511 cm−1 and the C ═ O stretching vibra-
tion band at 1688 cm−1. The considerably lower relative intensity
of the carboxylic acid bands as compared to the FTIR spectrum
of black pine resin corroborates the lower share of diterpenoid
acids in the shore pine resin as found by GC–MS. The absorption
bands at 1450–1366 cm−1 can be assigned to C–H bending vibra-
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Figure 14. ATR-FTIR spectrum of shore pine.

Figure 15. Thermogravimetric analysis (TGA) of shore pine.

tions of –CH2– and –CH3 groups. The bands in the wavenum-
ber range of 1266–1033 cm−1 can be assigned to O–H deforma-
tion, C-O stretching vibrations and to in-plane C–H bending vi-
brations, respectively. Major differences of the FTIR spectra of
shore pine and black pine can also be seen in the wavenumber
region below 1000 cm−1, where a significantly different band pat-
tern with comparatively strong coalescing bands at 832–798 cm−1

can be observed for shore pine. These bands can be assigned
to the out-of-plane C–H bending vibration of different unsatu-
rated compounds in the resin and further corroborate the differ-
ent compositions of the resins as found by GC–MS analysis.

2.2.3. Thermogravimetric Analysis

The thermal stability of shore pine was analyzed by TGA using
the same experimental heating setup as for black pine and all
other resins. For this resin (Figure 15), a first weight loss was de-
tected below 120 °C (0.93%) corresponding to the adsorbed water.
The second and larger pronounced weight loss was centered at
245 °C, were the sample lost ≈93% of its weight between 120 °C

and 450 °C. In this temperature range, two other decomposition
temperatures were detected, at 162 and 360 °C respectively. From
450 to 650 °C a very small weight lost was measured (1.63%), fol-
lowed by a final 3.9% weight loss between 650 and 900 °C, which
left a negligible residual weight of 0.48%, due to an almost whole
decomposition of the resin.

2.2.4. Surface Investigation

We performed surface investigation of shore pine resin via con-
tact angle measurement, AFM, and KPFM. In contrast to the
other resin films considered in this study, small and shallow
holes (below 1 μm in diameter and only 1–2 nm deep) were ob-
served on the surface of the shore pine resin film. These features
do not penetrate through the entire film, and were also found
to have no influence on the spatial variation of surface poten-
tial. RMS roughness of spin-coated shore pine surface was deter-
mined to be (0.63 ± 0.21) nm, which is almost one order of mag-
nitude smaller than for the black pine. Interestingly, the RMS
value of CPD fluctuation was found to be (3.09 ± 0.23) mV, which
is very similar to the values observed on the black pine samples,
also pointing toward virtually trap-free surface. In fact all the an-
alyzed samples were very smooth with an RMS roughness well
below 1 nm (Figure 16).

The measured contact angle of around 70° (Figure 17) indi-
cated a weakly hydrophilic surface for shore pine resin, similar
as for black pine resin. The contact angle with water was ≈78°

and the surface energy 44.0 mN m−1 of which 40.3 mN m−1 is
the disperse component and 3.7 mN m−1 the polar component.

The topography of the semiconductors grown on shore pine
resin is presented in Figure 18. Both grains are uniform in size,
but pentacene grows in very large, dendritically oriented aggre-
gates of typical size of 2–3 μm and a surface roughness, RMS ≈

45 nm, whereas the grains of C60 are very small, in the range of
10 nm or smaller, and a surface roughness, RMS ≈ 4 nm.

2.2.5. Dielectric Investigation

We performed dielectric measurements on a thin film of 420 nm
thick of shore pine resin spin coated and dried on 1 mm wide
aluminum electrode in a metal–insulator–metal configuration,
with aluminum as the top electrode material. We observed a uni-
form capacitance from 10 kHz to 10 mHz, but at lower frequen-
cies (10–1 mHz) the capacitance increased abruptly as visible in
Figure 19. Moreover, the loss angle also increases for frequencies
below 0.5 Hz thereby revealing some sort of ionic movement (see
Figure 19). From the capacitance of the film at the frequency of
1 kHz, and given the thickness of the film of 420 nm, we calcu-
lated a dielectric constant of 5.1 for shore pine, with the statisti-
cal deviation of ± 0.2 for all the 16 MIM samples measured. We
measured in fact the impedance spectroscopy on two different
solutions stemming from the same precursor resin (same pel-
let): one solution produced in February 2018 and preserved in
the closed vial on a laboratory shelf, and the other one produced
in April 2021. We observed that the increase of both capacitance
and loss angle at low frequencies is not due to the aging of the
solution dated 2018, but it is an intrinsic property of the resin
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Figure 16. AFM and KPFM of shore pine resin on gold-coated glass. Left panel: 10 × 10 μm2 topography image of the investigated surface. Right panel:
corresponding surface potential map at the tip lift of 25 nm. Average RMS parameters are indicated for both, the topography roughness and the CPD
fluctuations.

Figure 17. Contact angle of shore pine resin. Left angle (water): 78.4°; Right angle (water): 78.4°. Surface energy 44.0 mN m−1 with 40.3 mN m−1 as a
disperse component and 3.7 mN m−1 as a polar component.

Figure 18. AFM scan of a) pentacene on shore pine resin, RMS ≈ 45 nm and b) fullerene C60 grown on shore pine resin, RMS ≈ 4 nm. The two scans
were performed in the channel of the measured OFET devices presented in Figure 20.
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Figure 19. a) Impedance measurement of shore pine; b) complex refractive index n, k for shore pine.

itself, as it is visible in the Figure 19a. The reason for the ionic
movement at very low frequencies in shore pine resin film is not
immediately clear. We are working to investigate the major con-
tributor for this event. The film of 420 nm thick shore pine broke
at 286 V which translates into a breakdown field of 6.8 MV cm−1.
As it is visible in the figure of breakdown field of the four resins
investigated in this work (see the final chapter), in difference to
black pine, shore pine did not break fully, but rather the material
ceded in one section only at 286 V applied voltage, while losing
one order of magnitude from the measured capacitance (i.e., 5.6
× 10−11 F to 9.6 × 10−12 F). The dielectric was able to maintain the
plateau value of the capacitance of 9.6 × 10−12 F for another 100
V incrementally applied with 2 V step and 2.5 s. waiting time at
each applied voltage. The film finally broke and the measured ca-
pacitance moved to negative displayed values (fully broken film)
at 388 V, which translates into a complete breakdown film of 9.2
MV cm−1, a really impressive value (see Figure 44). As in the case
of the other 3 resins evaluated in this study, we did not pursue a
classic investigation of the breakdown field that takes into con-
sideration the variation of the thickness of the dielectric.

The isotropic complex refractive index, n and k, of shore pine
is displayed in Figure 19b. It is very similar to black pine but
has more pronounced absorption bands within the UV spectral
range.

2.2.6. Electrical Measurements

We fabricated field effect transistors on shore pine resin capped
aluminum oxide gate electrode, with both pentacene and C60
semiconductors deposited on top of a combo dielectric layer. The
inorganic dielectric comprised of electrochemically grown alu-
minum oxide inorganic layer (anodized to 10 V, having a thick-
ness of ≈18 nm). The capped thin layer of shore pine resin was
spun from a 20 mg mL−1 stock solution at 2500 rpm speed and
dried at 80 °C for 1 h in air on top of a hot plate. The typical
thickness of the organic resin dielectric was in the range of ≈50
nm, and the specific capacitance of the combo layer was situ-
ated in the range of ≈43 nF cm−2. The devices were finalized by
source and drain electrodes made from aluminum in case of C60
and gold in case of pentacene. Transfer and output characteris-
tics of OFET devices fabricated with shore pine resin in ethanol
as capping layer spin coated on electrochemically grown alu-
minum oxide gate dielectric are presented in Figure 20. Although
the operation voltage of the two devices differ significantly, the

two semiconductors field effect mobilities were comparable, i.e.,
4 × 10−2 and 1.5 × 10−2 cm2 V−1 s−1 for pentacene and C60,
respectively.

The device with fullerene showed minimal hysteresis, whereas
the pentacene device was virtually hysteresis free in both the
transfer and the output characteristics. In line with other resins
analyzed in this group, also shore pine displayed a high OFF
level in transfer characteristics with pentacene channel (i.e., in
the range of 3 nA, see Figure 20a), whereas the OFF level for the
fullerene channel was one order of magnitude lower (Figure 20b),
with values around 0.2 nA). The subthreshold swing of the two
devices was recorded in the same range as for the black pine
resin, i.e., 1 V dec−1. for the pentacene and 1.3 V dec−1. for the
fullerene OFET. Given the similar specific capacitance of the two
types of OFETs, the normalized subthreshold swing values were
in a similar range too for the two semiconductors, i.e., 43 and 53
V nF cm−2 dec−1 for pentacene and C60, respectively.

We pursued a short consecutive scan test with pentacene, dis-
played in Figure 21a) and found a very good stability of the device
parameters in terms of threshold voltage (i.e., only 1 mV shift was
recorded after 8 scans) as well as ON and OFF levels (where vari-
ation in the range of 1% of the initial value of the current was
observed). Interestingly though, the ON–OFF ratio of the device
slightly improved after 8 consecutive scans. Nevertheless, a simi-
lar device with C60 semiconductor showed a significantly inferior
performance, with about 280 mV shift of the threshold voltage
and a decrease of the ON–OFF ratio at the end of the consecutive
scanning.

Bias stress test was also run for a device with shore pine as
capping layer on aluminum oxide dielectric and pentacene semi-
conductor (see Figure 22a). The results showed that the device
was very stable with bias stress during the initial 14 h of test-
ing, with an Ids retention in excess of 95%, which places the
device among the most performant devices ever reported for
bias stress.[49,99,100,101,102] The stability after bias stress and the
full recovery are presented in Figure 22b. The shore pine device
fully recovered in terms of ON–OFF ratio and threshold volt-
age when 45 min relaxation time passed at the end of the bias
stress. We want to point out that this value ranks shore pine
OFET with pentacene semiconductor among the world best or-
ganic semiconductor devices with respect to recovery after bias
stress.[99,103]

A bias-stress measurement with C60 semiconductor offered
modest results (data not shown), with about 20% Ids retention
after completion of the bias stress, and recovery in ≈4 h.
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Figure 20. Transistor measurements of shore pine resin on AlOx gate with pentacene and C60 as organic semiconductors. a,b) are the transfer charac-
teristics at different drain voltages Vds and c,d) the output characteristics for gate voltages 0 ≤ Vgs ≤ 4 V of pentacene and 0 ≤ Vgs ≤ 10 V for C60 OFETs,
respectively. The capacitance C0d is noted in a) for pentacene and in b) for C60. Also indicated as insets are the hole and electron mobilities, μh and μe
respectively, as well as the concentration of respective resins solutions in ethanol.

Figure 21. Shore pine resin as dielectric with a) pentacene and b) C60 measured for stability under consecutive scanning. In both panels, Vth stands for
the threshold voltage.

Figure 22. a) Bias stress and b) recovery after bias-stress of the shore pine OFET characteristics with pentacene semiconductor.
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Figure 23. Photograph of the rosin resin. Rosin was purchased from
Aldrich, product No 60 895, Lot No. BCBB0879V.

2.3. Rosin

2.3.1. Resin Type and Composition

Rosin, (Figure 23) also called “colophony,” originates from the
fluid oleoresin in resinous tree species, primarily of pines of
different species. The rosin can be produced either by extrac-
tion with solvent from pine stumps, wood rosin, or by process-
ing the collected fresh oleoresin extrudes from standing trees
where in the latter case gum rosin is the residue of the extrac-
tion process.[104] In addition, tall oil rosin is another major rosin
type and is usually obtained by distillation of crude tall oil, a side
product of kraft pulping process. The rosin production volume
worldwide was estimated to be 1.157 million tons in 2020[105]

with the share of gum rosin, 64.4%, tall oil rosin, 34.7%, and
wood rosin: 0.9%. Production of gum rosin by tapping from pine
trees has a long tradition. The use of such rosin as a medicine
against ulcers and sores can be traced back ≈1700 years ago in
China.[106] Rosin mainly consists of different resin acids with
smaller amounts of other diterpenoid alcohols and aldehydes.[107]

Rosins and their derivatives find broad applications such as ad-
hesives and sealants, printing inks, paper size, emulsifiers, coat-
ings, and other chemicals.[108] Rosin employed in this study was
purchased from Sigma-Aldrich, product No. BCBB0879V and ac-
cording to the information of the MSDS is derived especially
from pine wood, composed primarily of resin acids (primarily
abietic acids) and other modified resin acids. Rosin is being typi-
cally produced by heating the liquified fresh resin up to the vapor-
ization point of volatile liquid terpene components.[109,110] We an-
alyzed the composition of several other resins by gas chromatog-
raphy (not included in this report, i.e., fir, larch, cedar or spruce as
part co coniferous Pinaceae family, or several other resins stem-
ming from Cupressaceae trees), and observed that rosin’s compo-
sition matches indeed the one of pine resins (pinus nigra and pi-
nus contorta) with respect to the eluting constituents. Indeed, this
resin had a closer chemical content and composition (determined
by GC) with the black pine resin (see Tables 1 and 2), although

Figure 24. ATR-FTIR spectrum of commercial rosin.

the exact percentage of the composition differs significantly. With
this respect, the content of the dominating compound dehydroa-
bietic acid (3.8%) was lower than in the black pine resin, and
the content of unidentified GC eluting compounds was higher
(8.3% compared to 4.3%). Other noticeable detected compounds
were the hydroxylated resin acids (altogether 1.68%), the resin
acids abietic acid (0.29%), pimaric acid (0.18%), abietatetraenoic
acids (0.34%), sandaracopimaric and isopimaric acid (0.27% and
0.24%, respectively), and palustric acid (0.11%). Aromatic com-
pounds were detected in very low amounts (altogether 0.074%),
and lignans and cholestadiene were not detected at all. It is possi-
ble that decarboxylated resin acids are found among the uniden-
tified compounds, because some of them may not be present in
mass spectral databases. The resin acid dimers may be unde-
tectable by GC, especially if they are hydroxylated, because of the
high molar mass of their silylated derivatives.

2.3.2. Structural Characterization

Figure 24 shows the ATR-FTIR spectrum of the investigated com-
mercial rosin resin. Similar to the FTIR spectrum of black pine,
rosin shows very pronounced absorption bands associated with
carboxylic acid vibrations. The very broad absorption band at
3600–2500 cm−1 corresponds to the carboxylic acid O–H stretch-
ing band, broadened by hydrogen bonding. The carboxylic acid
overtone bands at 2656 and 2535 cm−1 and the C ═ O stretching
band at 1693 cm−1 show identical position as in black pine resin.
This corroborates the similar general compositions of the GC elu-
ents of the two resins with diterpenoid resin acids (RA) as the
clearly dominating constituents. Identical band positions and rel-
ative intensities as in black pine can also be observed for the un-
saturated and saturated hydrocarbon C–H stretching vibrations
at 3076, 2929, and 2868 cm−1, respectively, as well as the methyl
and methylene group bending vibrations in the region of 1460 to
1385 cm−1. Differences between the FTIR spectra of rosin resin
and black pine resin can be observed in the wavenumber region
of 1272–1046 cm−1 which shows absorption bands at different
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Figure 25. Thermogravimetric analysis of rosin.

spectral positions. These differences can be attributed to differ-
ent fractions of the prevalent RA components in the two resins.
Furthermore, the spectrum of rosin shows no distinct phenolic
lignan aromatic C ═ C stretching vibration bands in the region of
1606–1515 cm−1 as opposed to black pine and shore pine resin.
This conforms well to the results of GC–MS analysis which did
not identify appreciable amounts of phenolic lignan compounds
in the resin. Bands at similar positions as in black pine resin can
also be observed in the low wavenumber region of the rosin FTIR
spectrum at wavenumbers of 880, 822, 708, and 658 cm−1 which
can be assigned to the out-of-plane C–H bending in unsaturated
hydrocarbons. The low relative intensity of the band at 822 cm−1

as compared to black pine can be attributed to the lower share of
dehydroabietic acid[77,81] in the rosin resin while the higher inten-
sity of the band at 880 cm−1 could be attributed to a larger fraction
of abietic acid.[77]

2.3.3. Thermogravimetric Analysis

Rosin was analyzed by TGA (see Figure 25), where a first weight
loss was detected below 120 °C (1.11%) due to adsorbed water and
other volatile species. The second important weight loss was cen-
tered at 260 °C, where the sample lost ≈95.4% of its weight, start-
ing at 120 °C and finishing at 450 °C. As in the case of shore pine,
two other decomposition temperatures were detected, at 148 and
410 °C respectively. In the case of rosin, a weight loss of 3.0%
was measured, from 450 to 650 °C. Finally, an insignificant 0.34%
weight loss after 650 °C left almost no residual weight (0.06%),
due to a nearly complete decomposition of the resin. This event
is probably a consequence of the distillation of the commercial
rosin resin, which was purified by removal of low volatile species
or other impurities.

2.3.4. Surface Investigation

We performed surface investigation of rosin resin via contact an-
gle measurement, AFM, and KPFM. The measured contact angle
of around ≈69° with water droplet (see Figure 26) and ≈38.5° with
diiodomethane droplet (data not included) indicated a weakly hy-
drophilic surface for rosin resin, similar as the ones of black pine

and shore pine resins. Total surface energy of rosin was 47.8 mN
m−1, divided into a disperse component 40.4 mN m−1 and a polar
component 7.4 mN m−1. In comparison to the other three inves-
tigated pine resin films, rosin samples were found to have the
smallest surface roughness with almost atomically smooth sur-
faces (0.37 ± 0.01) nm, as shown in Figure 27. However, spatial
variations of the CPD, (2.93 ± 0.44) mV, were found to be com-
parable to most other resin films investigated here.

The topography of the semiconductors grown on rosin resin is
presented in Figure 28. In a similar fashion with the other ana-
lyzed resins in this study, pentacene grew in randomly oriented,
large and elongated, dendritic grains of multimicron size and a
surface roughness, RMS ≈13 nm, whereas C60 formed very small
grains of several nanometers in size and a surface roughness,
RMS ≈3.5 nm (see Figure 28).

2.3.5. Dielectric Investigation

We performed dielectric measurements on a thin film of 417 nm
thickness of rosin resin spin coated and dried on 1 mm wide
aluminum electrode in a metal–insulator–metal configuration,
with aluminum also as the top electrode material. We measured
the dielectric spectroscopy for rosin between 1 MHz and 1 mHz
and observed a very uniform capacitance over the measurement
range, starting from the high frequency down to 10 mHz, fol-
lowed by a slight increase in capacitance between 10 and 1 mHz.
Likewise, the loss angle (tangent delta) shows no relaxation be-
havior over the entire measurement range (see Figure 29). Both
events are indicative of a very high purity dielectric film, with
good dielectric performance. From the capacitance of the film at
the frequency of 1 kHz, and given the thickness of the film of
417 nm, we calculated a dielectric constant of 4.2 for rosin, with a
standard deviation of ± 0.2 for the 16 samples that were included
in the study. The film of 417 nm thick rosin broke at 228 V, which
corresponds to a breakdown field of 5.4 MV cm−1. Importantly,
the entire set of 16 analyzed MIM structures consisted of films
cast from the same solution and at identical rotation speed, and
consequently the variation of thickness was consequently mini-
mal. We did not pursue with this respect a typical study of break-
down field that takes into consideration the variation of the thick-
ness of the dielectric.

The complex refractive index of rosin behaves similarly to the
respective one of black pine resin, with its real part lying around
1.6, as shown in Figure 29b.

2.3.6. Electrical Measurements

We fabricated field effect transistors on a commercially available
rosin resin capped aluminum oxide (anodized to 10 V, with a
thickness of ≈18 nm on the gate electrode) as the bilayer gate di-
electric layer. We fabricated devices with both pentacene and C60
semiconductors. The devices were capped by source and drain
electrodes made from aluminum in case of fullerene and gold in
case of pentacene.

We fabricated the pentacene OFETs from a stock solution of
20 mg mL−1 rosin and the fullerene devices from a stock solu-
tion of 100 mg mL−1 rosin concentration in ethanol, respectively.
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Figure 26. Contact angle of rosin resin. Left angle (water): 69.0°. Right angle (water): 69°. Surface energy 47.8 mN m−1 of which 40.4 mN m−1 as
disperse component, and 7.4 mN m−1 as polar component.

Figure 27. AFM and KPFM of rosin resin on gold-coated glass. Left panel: 10 × 10 μm2 topography image of the investigated surface (z scale 5 nm).
Right panel: corresponding surface potential map at the tip lift of 25 nm (z scale 20 mV). RMS roughness parameters are indicated for the corresponding
images.

Figure 28. AFM measurements of a) pentacene on rosin dielectric, RMS ≈ 13 nm and b) fullerene (C60) grown on rosin dielectric, RMS ≈ 3.5 nm.
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Figure 29. a) Impedance spectroscopy of rosin dielectric; b) complex refractive index n, k of rosin.

Figure 30. Transfer and output characteristics of rosin resin on AlOx dielectric with pentacene and C60 as organic semiconductors. a,b) are the transfer
characteristics at two different drain voltages Vds and c,d) are the output characteristics for gate voltages 0 ≤ Vgs ≤ 5 V of pentacene and 0 ≤ Vgs ≤

10 V for C60 OFETs, respectively. The capacitance C0d is noted in a) for pentacene and in b) for C60. Also indicated as insets are the hole and electron
mobilities, μh and μe respectively, as well as the concentration of respective resins solutions in ethanol, from which the films were cast by spin coating.

The resin layer was dried at 80 °C for 1 h in ambient air prior to
the semiconductor’s deposition. The typical thickness of the or-
ganic resin dielectric was in the range of 70 nm, and the specific
capacitance of the combo layer was situated in the range of ≈30
nF cm−2 for pentacene devices. For the fullerene devices, the spe-
cific capacitance of the inorganic–organic layer was ≈15 nF cm−2

given by a thickness of ≈18 nm of the aluminum oxide and ≈135
nm rosin combo dielectric. The rosin capping layer for the device
with C60 was spin coated at a speed of 3500 rpm.

Transfer and output characteristics of OFET devices with pen-
tacene and C60 are presented in Figure 30. In contrast with other
resins investigated in this work, rosin offered an interface to pen-
tacene suitable for a low level of OFF current in the range of
0.1 nA or lower (Figure 30a). The fullerene device at the same
time displayed a much higher OFF level, in the range of 1 nA
(Figure 30b). The two devices differed to one another also with re-
spect to hysteresis. In line with other investigated resins in this

work, pentacene-based devices showed hysteresis-free behavior
in both transfer and output characteristics, whereas fullerene-
based devices displayed a significant hysteresis. The pentacene
device recorded a very good field effect mobility of 0.17 cm2 V−1

s−1 and a very low subthreshold swing, in the range of 0.5 V dec−1.
The normalized subthreshold swing of the device was 14.75 V
nF cm−2 dec−1. The fullerene device was less performant, with
significant hysteresis both in output and transfer characteristics
(Figure 30b–d), one magnitude lower field effect mobility, i.e.,
0.033 cm2 V−1 s−1 as well as significantly higher subthreshold
swing, i.e., 2.1 V dec−1. and a normalized subthreshold swing of
31.8 V nF cm−2 dec−1.

Rosin dielectric worked very well in the consecutive scanning
test of the p-type OFET device. As demonstrated in Figure 31a),
6 consecutive scans of the device showed insignificant change
on the transistor parameters, on all the ON and OFF levels as
well as the threshold voltage. In the same time, in line with the
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Figure 31. Rosin resin as dielectric with a) pentacene and b) C60 measured for stability under consecutive scanning. Vth stands for threshold voltage.

Figure 32. a) Bias stress and b) recovery after bias-stress of the OFET characteristics with rosin dielectric and pentacene semiconductor.

lower performance obtained by the OFETs with fullerene chan-
nel showed in Figure 30b,d, also the consecutive scanning of
rosin based OFET device proved inferior to its p-type counter-
part (Figure 31b). In the case of fullerene-based device, an alter-
ation of both ON and OFF levels of the device, as well as a shift of
≈600 mV of the threshold voltage occurred after only 6 consecu-
tive measurements.

We performed also bias stress measurements for rosin based
OFETs with pentacene semiconductor and observed a ≈66.5% Ids
retention after stressing the device for 14 h at the maximum per-
mitted voltages of drain and gate before breaking occurred, i.e.,
−5 V in case of the p-type device presented in Figure 30. The rosin
device did not fully recover after bias stress (see Figure 32b, we
measured the recovery with 5 min increment, but present only
few curves to avoid burdening the figure), although it recovered
within 15 mV voltage difference with respect to its original Vth,
and also within 50 pA difference of the OFF level after 1 h re-
laxation from the completion of the bias stress experiment. If we
consider that both values described above of the Vth and OFF level
are in fact negligible, the rosin device can be considered as having
recovered after 1 h relaxation time.

2.4. Baltic Amber (Pinus Succinifera)

2.4.1. Resin Type and Composition

Baltic amber nuggets available for research in our laboratory were
collected from the Lithuanian shore of Baltic Sea in the year 2010.
The image of the Baltic amber pellets is presented in Figure 33.

Figure 33. Photograph of Baltic amber nuggets collected from the Lithua-
nian shore of the Baltic sea.

Baltic amber is also called succinite, which indicates that it
consists mainly of succinic acid-related compounds. Several au-
thors have assigned the source of Baltic amber to the genus
pinus succinifera.[111,112,113,114,115] However, according to Mosini
and Samperi,[116] Baltic amber may originate from “aged” pinus
halepensis because p. halepensis resin gives products characteristic
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Figure 34. ATR-FTIR spectrum of Baltic amber.

of Baltic amber (e.g., fenchyl alcohol and borneol) after an age-
ing process. Ambers contain both low-molar-mass compounds
such as succinic acid and monoterpenes and larger molecules
such as polymerized diterpenes.[117] The ether soluble acid frac-
tion of Baltic amber has been shown to contain large amounts
of resin acids such as isopimaric acid (33%), dehydroabietic acid
(21%), isopimaradienic acid (20%), abietic acid (16%), and abi-
etadienic acid (10%).[116] Baltic amber has also been shown to
contain, e.g., retene.[118] In the Baltic amber ethanol solution
used in the present study, borneol (2.4%), pimaradienoic acids
(1.9%), cholestadiene (1.5%), ethyl and diethyl succinate (1.3%),
and diacetone alcohol (1.2%) dominated. Unidentified peaks ac-
counted for 6.6% of the extract, and compounds not eluting
on GC accounted for 82% of the extract. Of the unidentified
GC eluting compounds, some may be succinates not present in
the MS databases. The noneluting compounds is most probably
oligomerized and polymerized material. In addition to GC analy-
sis, we also performed high-performance liquid chromatography
(HPLC) and size exclusion chromatography for the Baltic amber
resin, and the findings are presented in Tables 2 and 3 respec-
tively. The chemical structure of the most prominent constituents
of Baltic amber resin is presented in Figure 1.

2.4.2. Structural Characterization

The ATR-FTIR spectrum of the Baltic amber sample recorded
from the solid material deposited from its solution in ethanol
is shown in Figure 34. Like the other resin materials investi-
gated in this study, Baltic amber shows IR absorption features
which are typical for carboxylic acids. These include the very
broad carboxylic acid O–H stretching vibration band at 3600–
2500 cm−1, the low intensity carboxylic acid overtone bands at
2658 and 2534 cm−1 and the C–O stretching band of the COOH
group at 1694 cm−1. These bands can be assigned to the resin acid
compounds[75,76,77] present in the material, such as isopimaric
acid and pimaradienoic acid as determined by GC–MS analysis.
However, the carboxylic acid bands in the FTIR spectrum of Baltic
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Figure 35. Thermogravimetric analysis of Baltic amber.

amber show a lower relative intensity as compared to the resin
acid-dominated black pine, rosin, silver fir and Rocky Mountain
fir resins, the latter two being part of our previous study.[103] This
coincides well with the results from GC–MS analysis that indi-
cate a significant share of resin acids in the material, which how-
ever, do not comprise the dominating fraction of constituents. As
opposed to the other investigated resins, amber shows a larger
relative intensity of the methylene and methyl C–H stretching
vibrations at 2952, 2915, and 2848 cm−1 and the corresponding
C–H bending vibrations at 1474–1376 cm−1, indicating a large
fraction of saturated aliphatic units in the resin. Furthermore, a
clearly distinguishable absorption band at 1735 cm−1 can be ob-
served which can be assigned to the C ═ O stretching vibration
of esters. These bands can be attributed to succinic acid esters
that may be present in the resin as molecules such as ethyl or
isobornyl succinates, as suggested by the identification of succi-
nates and isoborneol by GC–MS, which have been reported as
components of ambers.[118,119,120] The absorption bands in the re-
gion between 1272 and 1027 cm−1 can be attributed to O–H and
C–O vibrations of carboxylic acid or ester functional groups and
in-plane C–H bending in cyclic hydrocarbons. The observed band
pattern corresponds well to that reported by Beck et al.[121] for dif-
ferent amber resins. The authors assigned the pronounced band
near 1150 to the C–O vibration in saturated aliphatic esters[121]

which further corroborates the presence of these compounds in
our Baltic amber sample. In the low wavenumber region, two
sharp bands at 730 and 720 cm−1 are visible which we could un-
fortunately not clearly relate to compounds identified by GC–MS.

2.4.3. Thermogravimetric Analysis

The thermal stability of the Baltic amber resin was analyzed by
TGA using the same experimental heating setup than all the
other resins. For this material (Figure 35), a first weight loss was
detected below 120 °C (0.27%) which corresponds to the adsorbed
water from the resin. Then, a minor weight loss was centered
at 225 °C, followed by the major and more pronounced weight
loss between 300 and 450 °C, when the sample lost 88.8% of
its weight, with two decomposition temperatures at 394 °C and
413 °C. From 450 to 650 °C another significant weight lost was
detected (10.47%), followed by a final 0.46% weight loss until
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Table 5. Comparison of the resins with respect to their decomposition temperature, Td, and their weight loss divided over three ranges, from 120 to
900 °C. The weight loss below 120 °C was in the range of 0.9–1.1% for rosin, black pine and shore pine and 0.27% for Baltic amber.

Resin (stemming tree) Td. [°C] Weight loss [%] Weight loss [%] Weight loss [%] Residual
material [%]120–450 °C 450–650 °C 650–900 °C

Black pine (pinus nigra) 263 88.22 9.12 0.54 1.12

Shore pine (pinus contorta) 245 93.17 1.63 3.9 0.48

Rosin (Sigma-Aldrich; blend of
pine resins)

260 95.43 3.06 0.34 0.06

Baltic amber (pinus succinifera) 394 88.8 10.47 0.46 0

Figure 36. a) 10 × 10 μm2 topography image of the investigated Baltic amber resin surface (z scale 10 nm); b) corresponding surface potential map at
the tip lift of 25 nm (z scale 20 mV). RMS roughness parameters are indicated for the corresponding images.

900 °C, which left absolutely no residual weight, demonstrating a
complete decomposition of the resin. Remarkably also, this resin
showed the highest decomposition temperature, when compared
with the other resins investigated in this study (see Figure 35 and
Table 5).

2.4.4. Surface Investigation

We performed surface investigation of Baltic amber resin via
AFM, KPFM (Figure 36), and contact angle measurements
(Figure 37). Baltic amber films have shown similar high-quality
performance as most of the other investigated resin samples, and
together with rosin, Baltic amber has shown the smallest surface
potential variation and surface roughness. It is also worth and fair
mentioning that in the case of Baltic amber, aging effects (as sur-
face roughening and partial dewetting of the film) were observed
after several months of ambient storing for the spin-coated thin
films on sputtered gold substrates.

The contact angle measurement shown in Figure 37 reveals
slightly hydrophobic surface, with left and right measured con-
tact angle of water droplet of 89.3° and 89° respectively. This
makes amber the most hydrophobic surface among the four pine
resins analyzed in this group of pinaceae tree resins.

Figure 37. Contact angle of Baltic amber resin with water droplet as dis-
played in the figure. Left angle (water): 89.3°. Right angle (water): 89°.
Surface energy 46 mN m−1 of which 0.5 mN m−1 as a polar component,
and 45.5 mN m−1 as a disperse component. The measured contact angle
with diiodo methane (not shown in the figure) was 26.8°.

The topography of the semiconductors grown on Baltic am-
ber fir resin is presented in Figure 38. Pentacene grew in large
elongated grains, of up to 350–400 nm in size and a typical RMS
roughness of the top surface of the film in the range of ≈20
nm. Fullerene C60 deposited on Baltic amber grows in very small
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Figure 38. AFM scan of: a) pentacene semiconductor, RMS roughness ≈20 nm; and b) fullerene C60 on Baltic amber, RMS roughness ≈ 11 nm.

Figure 39. a) impedance measurement of Baltic amber; b) complex refractive index of Baltic amber.

grains in size and formed a much smoother top surface, with an
RMS roughness of ≈11 nm (Figure 38).

2.4.5. Dielectric Spectroscopy

We performed dielectric measurements on a film of 65 nm thick
of Baltic amber resin spin coated and dried on 1 mm wide alu-
minum electrode in a metal–insulator–metal configuration, with
aluminum as the top electrode material. We measured the dielec-
tric spectroscopy between 10 kHz and 1 mHz and observed a very
uniform capacitance all over the measurement range. Likewise,
the loss angle (tangent delta) shows no relaxation behavior over
the entire measurement range (see Figure 39). Both events are
indicative of a very high purity dielectric film, with good dielec-
tric performance. From the measured capacitance and the thick-
ness of the film given by profilometry investigation, we extracted
a dielectric constant of 8 ± 0.3 for Baltic amber at 1 kHz for the
investigated 16 MIM structures. The dielectric constant of 8 for
the investigated amber thin films was really impressive, therefore
we conducted a more careful study where we spin coated vari-
ous thicknesses of the film and also carefully dried the respec-
tive films in vacuum to avoid any interference of the adsorbed
moisture in the film over the capacitance measurement. How-
ever, we reached the same value of 8 as the dielectric constant

for our thin film processed Baltic amber from ethanol solution
shown in Figure 39.

We conducted also breakdown film measurements for amber
in various film thicknesses. For the particular case of the ∼ 65
nm thick film, we obtained a value of ≈5.6 MV cm−1; however,
this value was not correlated or confirmed yet from a wider study
that considers also the thickness variation of the amber films.
The isotropic complex refractive index, n and k, of Baltic amber
is displayed in Figure 39b. It is very similar to the other resins but
shows almost no absorption within the investigated UV spectral
range.

2.4.6. Electrical Measurements

We fabricated field effect transistors on Baltic amber resin capped
aluminum oxide gate electrode. We fabricated devices with both
pentacene and C60 semiconductors. The devices were capped by
source and drain electrodes made from aluminum in case of
fullerene and gold in case of pentacene. The combo dielectric
layer comprised electrochemically grown aluminum oxide inor-
ganic layer (anodized to 10 V, having a thickness of ≈18 nm)
capped by a thin layer of Baltic amber resin cast from a 20 mg
mL−1 stock solution that was spin coated at a speed of 1500 rpm,
then subsequently dried at 80 °C for 1 h in air on top of a hot
plate. The specific capacitance C0d of the bilayer was situated in
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Figure 40. Transfer and output characteristics of Baltic amber resin on AlOx dielectric with pentacene and C60 as organic semiconductors. a,b) are the
transfer characteristics at indicated drain voltages Vds; c,d) the output characteristics for gate voltages 0 ≤ Vgs ≤ −8 V for pentacene and 0 ≤ Vgs ≤ 10 V
for C60 OFETs, respectively. The capacitance C0d is noted in a) for pentacene and in b) for C60 as well as the concentration of respective resins solutions
in ethanol. The hole (μh) and electron (μe) mobilities were 3.2 × 10−2 cm2 V−1 s−1 and 3.4 × 10−2 cm2 V−1 s−1 for pentacene and C60, respectively.

Figure 41. a) Bias stress and b) recovery after bias-stress of Baltic amber OFET with pentacene semiconductor.

the range of ≈19.8 nF cm−2. The device specific C0d values are
indicated in Figure 40a,b. The typical transistor characteristics
of Baltic amber resin dielectric showed hysteresis free behavior
both in transfer and output characteristics for pentacene as well
as for C60 semiconductors (see Figure 40a,d). The dielectric be-
havior was characterized by low leakage in the range of 10 to
100 pA all throughout the measurement range (i.e., 0 V to 10
V for fullerene semiconductor and 0 to −9 V for pentacene semi-
conductor respectively). The calculated semiconductor mobility
was in the range of 0.03 cm2 V−1 s−1 for both type of semicon-
ductors involved in the study. A characteristic of Baltic amber
resin was the inducing of a relatively high OFF level of the or-
ganic transistor characteristics (in the range of 10−8 A for pen-
tacene and 3 × 10−8 A for C60), possibly because of the tendency
of the dielectric material to charge the two semiconductors in

their OFF state. This finding is not surprising, and correlates well
with the behavior of the other three pine resins with respect to
the high level of the OFF level in the transfer characteristics of
the OFETs.

The subthreshold swing of the two semiconductors deposited
on Baltic amber capping layer of AlOx dielectric was 3.5 V dec−1.
for pentacene and 4 V dec−1. for fullerene. In the same time,
the normalized subthreshold swing values were 69.5 V nF cm−2

dec−1. for pentacene and 79.2 V nF cm−2 dec−1. for C60. As it was
the case with the calculated field effect mobility, also the normal-
ized subthreshold swing was in the same value range for both
pentacene and fullerene transistors. We performed bias stress
measurement of the pentacene-based OFET used for transfer and
output characteristics and the respective results are displayed in
Figure 41.
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Figure 42. Stability after 6 consecutive scanning of the transfer character-
istic of Baltic amber capping layer for Al2O3 with pentacene semiconduc-
tor.

We stressed the device at the maximum voltage used for trans-
fer measurement (i.e., −9 V), while keeping both these drain
and gate voltages constant for 12 h stress time. We measured
the transfer characteristic at the beginning of the test, as well as
immediately after releasing the electrical stress, and recorded a
≈88% retention of the Ids current after releasing the bias stress.
We continued to measure the recovery curve of the devices with
5 min increment, but for the simplicity and the avoidance of clut-
tering the graph, we show only the transfer curve where the full
or nearly full recovery was measured. In the case of Baltic amber,
95.8% of the Ids (ON level) was recovered in ≈3 h after comple-
tion of the bias stress, but the full recovery to the values mea-
sured before BS took 5 days and 8 h (see Figure 41b). Bias stress
measurements with C60 provided more modest results (data not
shown), with Amber nearly losing entirely the ON–OFF ratio of
the transfer characteristics at the end of the testing period of 12 h.
Again, this finding is not a surprise, and was observed for all the
resins analyzed as part of this study or a previous one involving
fir resins.[103]

We performed also the brief stability under consecutive scan-
ning experiment for pine-based OFETs with pentacene semicon-
ductor (see Figure 42), and observed that Baltic amber resin be-
haves very good with respect to this type of measurement sta-
bility, with a negligible shift of the threshold voltage after only 6
consecutive scans.

3. Discussion

In this study we followed a curing protocol for the four analyzed
resins that is successfully established in our laboratory, i.e., us-
ing a curing temperature of 80 °C for 1 h. We did not inves-
tigate the effect of curing at various other higher temperatures
and for various amount of times as reported elsewhere.[122,123]

Whether the resins films crosslink at higher temperature and if
they change the surface morphology during crosslinking, will be
determined in a future, more focused study that will be meant
to reveal also the compositional changes in the films that occur
during the drying process. Our immediate interest was to pro-
vide a robust dielectric layer for further exploitation in OFET de-
vices, and the curing process selected clearly proved its value. The
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Figure 43. Thermograms, obtained by EGA-MS, of the four investigated
resins.

four pine resins analyzed in this work displayed many similar-
ities among them, but also showed clear differences. The odd
one out was Baltic amber, who presented marked differences
in its appearance (stone like) and its processability compared to
the other three. Baltic amber is a fossilized resin, of an extinct
tree, pinus succinifera that grew in the Eocene and Oligocene pe-
riods just prior to the Ice Age, about 55 million years ago[114] and
is presently found in sedimentary rocks. Baltic amber showed
in fact distinct dielectric properties, with much higher dielec-
tric constant and also higher temperature of decomposition com-
pared to the other 3 resins. In addition to the TGA analysis pre-
sented in respective chapters dealing with our analyzed pine
resins, we also performed evolved gas-mass spectrometry anal-
ysis (EGA-MS, see Figure 43). EGA-MS analysis demonstrates
that rosin, shore pine and black resin do not contain any poly-
merized fraction. The maximum temperature (at around 300 °C)
of the peaks in the thermogram corresponds to desorption phe-
nomena and not to pyrolysis processes. On the other hand, am-
ber mainly contains polymeric fractions as we can argue from
the high value of the maximum temperature (at around 430 °C)
of the peak. These data agree with those obtained by solubiliz-
ing the resins in ethanol. Actually, amber showed a lower solu-
bility than the other three resins. The results of EGA-MS comple-
ment nicely the observations of thermogravimetric analysis, and
show that Baltic amber contains indeed highly polymerized frac-
tions. Interestingly, Baltic amber is the only resins not to leave
any residue at the end of the TGA experiment that was run up
to 900 °C. On the other hand, rosin that was industrially puri-
fied by distillation, left a very small residual material (0.06%, see
Table 5) that is still comparable to the one of shore pine (0.48%).
This is a very interesting observation considering that the TGA
experiment was carried out with samples of each resin material
extracted directly from their nuggets; consequently shore pine
was not purified at all, not even solubilized and filtered, as was
the case of the cast thin films. The comparative results of ther-
mogravimetric analysis are presented in full in Table 5.

EGA-MS analysis (Figure 43) demonstrates that rosin, shore
pine and black pine resin do not contain any polymerized frac-
tion. The maximum temperature of the peaks corresponds to des-
orption phenomena and not to pyrolysis processes. On the other
hand, Baltic amber contains polymeric fractions as this fact can
be interpreted from the high value of the maximum temperature
of the peak.
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Figure 44. A comparison between topography RMS surface roughness
(red, left scale bar) and CPD variations (black, right scale bar). The CPD
RMS values are presented in a semi-log, while topography RMS values are
presented in a linear scale.

Figure 44 summarizes the RMS roughness values obtained by
AFM and the RMS-CPD fluctuations recorded via KPFM for all
four pine resins; in addition, these values recorded for the cast
films of pine resins are compared to the wet thermal SiO2 and
anodized Al2O3 layers, that although being inorganic in nature,
are still two of the most commonly used dielectrics in organic
electronics studies. Identical procedures have been employed to
obtain the RMS data for topography and CPD of the reference
sample, as described for the pine resins in the Experimental Sec-
tion. The two inorganic reference samples were found to have
comparable or even smoother surfaces than the analyzed resin
films, but their lateral variation of the surface potential was more
than one order of magnitude larger than the one of all the four
pine resins. These potential fluctuations could lead to formation
of the interfacial dipoles, resulting in pronounced hysteresis be-
tween forward and reverse scans in the electrical transfer curves
of the OFETs.[124] A most likely reason for electrostatically more
uniform surface of the pine resins is their less hydrophilic behav-
ior than SiO2.[125,126]

A collection of the dielectric properties of the resins as well
as the figures of merit of the fabricated OFETs containing the
pine resins layers are presented in Table 6 below. Originating
from different parts of the world (i.e., Idaho-USA, Steiermark-
Austria, or Lithuanian shore of the Baltic sea), the three collected
and the one purchased (rosin) pine resins were not only differ-
ent in their composition revealed by Tables 1 and 2 and demon-
strated by the FTIR measurements, but also behaved indeed dif-
ferently in their overall performance, as Table 6 data shows. The
only close similarity was the dielectric constant of rosin, black
pine and shore pine, and in a way, the values of the breakdown
field, which were remarkably high. With this respect, for all in-
vestigated pine resins, the dielectric strength values in excess of
5 MV cm−1 is remarkable (Figure 45), when taking into account
that the breakdown field of anodized Al2O3 is also no higher than
5 MV cm−1.[127] To put that into context, for typical low-k polymer
dielectrics, the reported breakdown field is in the range of 1–2 Ta
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Figure 45. Breakdown field measured for the three pine resins. Black pine: thickness = 218 nm, breakdown voltage = 124 V, breakdown field 5.7 MV
cm−1; Shore pine: thickness = 420 nm, breakdown voltage = 286 V, breakdown field 6.8 MV cm−1 for the first breakdown, 9.2 MV cm−1 for the final
breakdown; Rosin: thickness: 417 nm, breakdown voltage: 228 V, breakdown field 5.4 MV cm−1; Baltic amber: thickness: 65 nm, breakdown voltage 38
V; breakdown field 5.6 MV cm−1.

MV cm−1, whereas for trimethylsilyl cellulose (TMSC), another
low-k bio-based dielectric that was used in the fabrication of high
performing OFETs and that can be regenerated to pure cellulose,
a breakdown field of about 4.5 MV cm−1 was reported.[128] In
the same time, synthetic polymer resins like benzocyclobutene
(BCB) have a breakdown field or dielectric strength no higher
than 4.5 MV cm−1.[129,130] That means that the high purity of the
pine resin dielectrics that is indicated by a low loss angle above
100 mHz and a corresponding flat capacitance translates also into
a very high electric breakdown field. Only the shore pine film dis-
played higher levels of the loss angle at frequencies below 100
mHz, but this event was not translated into a relaxation of the
respective coefficient (appearance of a dome shape in the charac-
teristic). In fairness we have to point out though, that all the 16
MIM samples for each of the 4 resins evaluated for dielectric mea-
surements (impedance spectroscopy and breakdown field) had
similar dielectric thickness in each group, since they were pro-
cessed from the same solution for each resin and deposited at the
same rotation speed. It is well known that the breakdown voltage
depends on the thickness of the film following the equation V
= At2/3, where A is a material constant and t is the thickness of
the film. Therefore, as the thickness of the dielectric increases,
the dielectric strength decreases. Therefore, the values reported
in this work regarding the breakdown field may need to be con-
sidered as a particular example for the thickness of the dielectric
films employed, and consequently need to be re-visited in a more
systematic study, as demonstrated elsewhere.[131]

The FTIR spectra measured for the investigated pine resin ma-
terials could be correlated well with the general composition of
the resins as determined by GC–MS analysis. The relative in-
tensities of the characteristic vibrational bands of carboxylic acid
groups of resin acids and the phenolic substructures of lignan
compounds qualitatively correspond well to the fractions of the
respective compounds in the resin materials as measured by GC–
MS. ATR-FTIR spectroscopy thus allows the straightforward clas-
sification of the resins into mainly resin acid-based materials
such as black pine, Baltic amber and rosin, and into lignan-rich
resins like the investigated shore pine resin. With the respect of
FTIR analysis, it seems that black pine and rosin have many sim-
ilarities, which helps understanding the true origin of rosin it-
self as the commercially available compound originating from

“pine tree” species, per Sigma-Aldrich claim. Characteristic IR
bands can be related to specific dominant compounds; however,
the identification of specific constituents is generally difficult due
to the complex compositions of the investigated resins.

When comparing the topography RMS roughness values be-
tween the different pine resins of this study we found decreasing
roughness when going from black pine to shore pine, to Baltic
Amber and finally to rosin surface. The latter two resin surfaces
have a roughness well below 1 nm which, and as expected, give
rise to large sizes of the pentacene crystallites[132] grown on such
smooth surfaces. Interestingly, the 10-fold increase in grain size
of pentacene does not result in a larger hole mobility for shore
pine OFETs as compared to black pine OFETs. Nevertheless, we
observe a much larger mobility and a lower swing in the rosin
OFET than in the shore pine OFET although they have a very
similar pentacene grain size. Since in the pentacene OFETs, the
normalized subthreshold swing, which is indicative of the inter-
face trap density, is much smaller for the rosin resin surface as
compared to the shore and black pine surfaces, might also explain
the reason for the charge carrier mobility being largest in the
rosin based OFETs. Interestingly, those interface traps in black
and shore pine do not contribute to hysteresis occurrence in their
I–V characteristics, so they most probably originate from deep
states in the band gap. The electron mobility on the other hand is
quite comparable for all the four investigated resin-based bilayer
dielectrics, which is not surprising given the similarity in the C60
morphology.

Notably, the shore pine film displayed a high level of loss angle
at low frequencies, but this event was not translated into a relax-
ation of the respective coefficient (appearance of a dome shape
in the characteristic), and also was not responsible for the occur-
rence of hysteresis in OFETs with pentacene.[133,134] However, as
was reported before, it might be that the higher dielectric con-
stant and thus larger polarizability of the shore pine resin inter-
face to the semiconductor decreases the hole mobility.[135] Never-
theless, the shore pine resin itself proved extreme stability, both
in solubilized thin film as well as dry resin over a three-year pe-
riod, as demonstrated by the impedance spectroscopy study per-
formed in Figure 19. The four materials when interfaced with
pentacene, displayed also good performance with respect to bias
stress and bias stress recovery after 12 or 14 h of stressing, with
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shore pine being outstanding compared with the other three with
respect to these types of electrical measurements. In the same
time, bias stress measurements with C60 proved disappointing,
with almost complete disappearance of the transfer characteris-
tics and an Ids retention below 20% of the original value (data not
shown).

Noteworthy, impressive is also the virtually hysteresis-free elec-
tric performance of all investigated materials, especially when in-
terfacing them with the p-type semiconductor pentacene, a fact
observed also for fir resins recently reported by us.[103] With this
respect, the analyzed pine resins perform very well compared to
other classic dielectrics employed as capping layer for aluminum
oxide: parylene-C, divinyltetramethyldisiloxane-bis(benzocyclo-
butene) (BCB), low density polyethylene, or adenine in combi-
nation with aluminum oxide.[136]

In the solubilization process, the resin layer surface is com-
posed of free, unconnected molecules of the components of
each particular resin with a large amount of free surface energy.
This high surface energy enables the resin molecules to inter-
act strongly with the semiconductor molecules deposited on the
respective layer, i.e., pentacene and fullerene. We argue that this
event might explain the good behavior of the dielectric resin layer
in organic field-effect transistor performance with respect to hys-
teresis occurrence between forward and reverse scans, a similar
fact being also observed by us for the animal resin Shellac.[9,137]

Nevertheless, it is fair to observe that all the pine resins are more
performant with respect to the occurrence of hysteresis-free be-
havior when they are interfaced to pentacene rather than C60. The
cause of this preference is not yet clear, but it is worth mention-
ing that it represented a general trend for nearly all the resins
investigated in our laboratory, more than 30 in total, which will
be part of our future publications.

4. Conclusions

We performed in this study a thorough materials analysis of
four resins stemming from pinaceae pine trees, via a plethora
of compositional, electrical and surface characterization tech-
niques, and subsequently employed them in the production of
field effect transistors. The combined results presented here sug-
gest that pine resins are promising candidates for the develop-
ment of sustainable electronics devices, since they are coming
directly from nature, are completely nontoxic (even possessing
pharmaceutical properties), and do not need any purification step
in order to reach “electronic grade”-other than solubilization in
a green solvent (ethanol) and a subsequent filtration. As it was
demonstrated in case of shore pine in this work and the two fir
resins analyzed in our previous publication (silver fir and Rocky
mountain fir),[103] pine resins are very stable to degradation both
in solid form (nugget) and in their corresponding solubilized
form in ethanol over many years of storage. We dully demon-
strated here that pinaceae pine resins are also a class of high-
quality dielectric materials displaying robust dielectric character-
istics and resistance to degradation in air and during measure-
ment under prolonged electrical stress. Interestingly, the differ-
ences in film forming and dielectric performance between an in-
dustrially available, purified by distillation pine resin, i.e., rosin
and the other 3 resins handpicked from living trees, i.e., black
pine and shore pine, or found washed away on the shore of

Baltic sea, i.e., amber, are minor, if any. We show throughout the
manuscript that rosin is not at all more spectacular than the other
3 resins that were collected directly from mother nature, simply
solubilized in ethanol and filtered through a hydrophilic filter pa-
per. As we showed already in our previous publication analyzing
two fir resins,[103] and as we will show gradually with the entire
group of 32 plant resins analyzed in our laboratories, the purifi-
cation steps are not necessary for plant resins; they can be used
as is, immediately after a simple filtration through a filter paper
of their respective solutions in ethanol. Circumventing purifica-
tion for component materials is a crucial step toward reaching the
cost-conscious sustainable development of electronics. In pass-
ing should be mentioned that the Baltic amber material analyzed
in this study and utilized for the fabrication of organic field effect
transistors, given its estimated age of about 55 million years in
the petrified pellet,[112,113,114] represents, arguably, the oldest ma-
terial ever employed in the fabrication of organic electronic de-
vices. Thus, all things considered, the four pinaceae pine resins
investigated in this study represent viable alternatives for the fab-
rication of sustainable, “green” electronics.

5. Experimental Section
The resins employed in this work were collected from living trees (i.e.,

shore pine and black pine), or purchased from Aldrich directly (rosin) and
solubilized in pure ethanol (99.9%) in 0.1 g mL−1 concentration by heating
the solution while stirring vigorously for 30 min at 50 °C. Baltic amber was
handpicked from the Lithuanian shore of the Baltic sea, was crushed in a
mortar and solubilized in pure ethanol by stirring the solution overnight
at 50 °C. The solution of Baltic amber had however a significantly lower
concentration than the other three resins, given the stone like nature of
the resin and its inherently limited solubility. All the solutions were filtered
through a Chromafil, 0.2 μm pore size, hydrophilic filter paper and then di-
luted to the concentration employed for depositing thin films in this work,
i.e., 20 or 25 mg mL−1 for the first three resins. The solubility of Baltic
amber in pure ethanol was in the range of 20 mg mL−1, calculated from
weighing the residual, undissolved material. In its case, no further dilu-
tion was necessary. All the resin thin films investigated in this work for
dielectric investigations or transistor fabrications were spin coated with a
rotation speed of at least 2500 rpm and subsequently dried on the top of
a hot plate in air for 1 h at a temperature not exceeding 80 °C.

For gas chromatography, the resin samples were dissolved in 2 mL
ethanol (usually containing around 200 mg per sample; nevertheless, the
amber solution contained ≈40 mg of dry resin). 100 μL was withdrawn
from each solution and was transferred to a tarred (with a microbalance)
in a 1.5 mL glass vial. The solvent was evaporated using a stream of ni-
trogen, and the vials were kept in a vacuum oven (at 40 °C) for ≈30 min.
After cooling to room temperature, the vials were weighed for determina-
tion of the weight of the dry extract. Subsequently, a volume of 1.0 or 1.5
mL of acetone was added, and the vials were kept for ≈1 min in an ultra-
sonic bath. A volume corresponding to around 0.6 mg of each dry resin
was withdrawn and transferred to a 6 mL test tube and 2 mL of a solution
containing 40 μg each of four internal standards (ISs) was added. The sol-
vent was evaporated to dryness using a stream of nitrogen in a 40 °C water
bath. Silylation reagents were then added: pyridine-BSTFA-TMCS 20:80:20
μL, and the tubes were kept in an oven at 70 °C for 30 min. The solutions
were transferred using Pasteur pipettes to 1.5 mL GC vials with a glass in-
sert. Circa 1 μL of each sample was injected to the GC–MS. Identifications
were done by comparing the mass spectra with those in spectra databases:
NIST12/Wiley 11th and our own database. The peak areas were integrated
and the concentration of each compound was calculated by dividing the
peak area with that of the IS (heneicosanoic acid for all compounds eluting
before cholestadiene; and cholesterol or betulinol for cholestadiene and
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lignans). Then, the result was multiplied by the added amount of IS, and
the results was divided by the amount of dry resin taken for the analysis.

AFM and KPFM (amplitude modulated-AM) investigations were per-
formed using a Horiba/AIST-NT Omegascope AFM system. Nu-nano
SPARK probes were used (spring constant ≈42 N m−1, resonant fre-
quency ≈350 kHz, tip radius below 30 nm). For AFM/KPFM experiments,
the chromium-gold back electrode of the resin films was grounded. AM-
KPFM measurements providing contact potential differences (CPD)[138]

were carried out in a two-pass mode, with the probe lifted by 25 nm in the
second pass. Root mean square (RMS) data is proved for both the topog-
raphy roughness and the CPD fluctuations as an average with a standard
deviation considering five arbitrarily chosen 10 × 10 μm2 areas of each
resin sample. Topography and CPD images were processed with the aid of
the open-source software Gwyddion v2.56. For topography images zero-
order line filtering was applied and leveling of the base plane, whereas for
CPD images only zero order line filtering was applied.

Thermogravimetric studies were performed with the aid of a
TGA/PerkinElmer Q5000 instrument, using platinum pans and scanning
from 70 to 900 °C, with heating rate of 10 °C min−1 under nitrogen at-
mosphere (25 mL min−1). All the four pine resin samples (in an amount
ranging from 5 to 15 mg) were analyzed employing identical experimental
heating setup and procedure. The amount of material for each resin was
extracted from their respective pellet (nugget).

Thermal evolved gas analysis-mass spectrometry (EGA-MS) analyses
were performed on an EGA/PY-3030D microfurnace pyrolyzer (Frontier
Laboratories, Japan) coupled to a 6890-gas chromatograph and a 5973-
mass spectrometric detector (Agilent Technologies, USA). In each exper-
iment, ≈100 μg of sample were directly weighted in the sample holder
and inserted in the pyrolysis furnace. The temperature of the furnace was
then raised from 50 to 700 °C at 10 °C min−1. The temperature of the
pyrolysis interface was kept 100 °C above the furnace temperature, up to
a maximum of 300 °C. Injection was performed in split mode at 280 °C
with a 20:1 ratio. Desorption/pyrolysis products are directly sent to the
MS detector through an UADTM-2.5N deactivated stainless steel capil-
lary tube (Frontier Laboratories, Japan) at 300 °C. Helium (1 mL min–1)
was used as carrier gas. The mass spectrometer was operated in EI pos-
itive mode (70 eV, m/z range 50–800). The ion source and quadrupole
analyzer were at 230 and 150 °C, respectively. Phosphitylation of samples
was performed adapting the method described by elsewhere.[139] All sam-
ples were finely grounded as described for EGA-MS analyses before treat-
ment. Samples were dried overnight in an oven set at 40 °C and then trans-
ferred in a desiccator until they reached room temperature. A mixture of
pyridine and CDCl3 (1.6:1 v:v ratio) was prepared and dried over molecu-
lar sieves. Using this mixture, a 0.1 m solution of the relaxation reagent,
chromium (III) acetylacetonate (5 mg mL−1), and of internal standard,
cholesterol (40 mg mL−1), was prepared. All solutions were stored in the
dark. About 40 mg of each sample were dissolved in 0.5 mL of solvent
solution in a vial under stirring. Then, 0.1 μL of the internal standard and
relaxation solution was added, and solution was stirred for ≈5 h to achieve
solubilization of the sample. 0.1 mL of 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane (TMDP) was added and the clear solution was kept
under vigorous magnetic stirring for 30 min. The resulting solution was
transferred into an NMR tube.

31P-NMR spectra were recorded on a JEOL YH spectrometer with a
probe operating at 202.468 MHz at 25 °C in CDCl3. Chemical shifts were
calibrated from the 31P NMR signal at 132.2 ppm arising from the reac-
tion product between residual water and TMDP. Spectra were quantita-
tive and proton broadband decoupling was applied during the acquisition
time. Cholesterol was used as an internal standard. Spectra were acquired
with 100 ppm spectral width, 32 000 data points, 11 s relaxation delay, and
256 scans. The spectra were analyzed using JEOL Delta software. For the
quantitative 31P-NMR spectroscopy, the derivatization of hydroxyl groups
was completed with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
(TMDP). This method offers the opportunity to rapidly identify aliphatic
alcohols, unsubstituted or substituted phenols and carboxylic acid groups
in all samples.

For complex impedance investigations, resin layers have been prepared
by spin coating and subsequent drying at 80 °C on fused silica substrates.

The complex refractive indices of a few hundreds of nanometer thick resin
layers on fused silica substrates have been determined by variable angle
spectroscopic ellipsometry. For this a J.A. Woollam M-2000 DI ellipsome-
ter and the vendor provided software CompleteEASE were used following
the same procedure as published previously.[103] No statistical analysis
was performed for ellipsometry, sample size n = 1. Two ellipsometric mea-
surements per sample were acquired and fitted jointly with a single trans-
mission intensity measurement per sample for parameter decorrelation.

The dielectric strength (breakdown field) of the resins was measured
in metal–insulator–metal (MIM) configuration, Each of the four analyzed
resins was spin coated on top of a 80 nm thick, 1 mm wide plain aluminum
electrode, dried for 1 h in ambient air at 80 °C, and the device terminated
by the deposition of another layer of 80 nm thick, 1 mm wide aluminum
electrode in cross configuration (i.e., perpendicular) to the bottom elec-
trode. The MIM device was connected via two measurement pins to an
impedance analyzer (Novocontrol GmbH) having available a DC booster
instrument working to ±500 V DC voltage. A DC voltage scan was subse-
quently applied to the MIM device, starting from 0 V, with an increment
of 2 V and 2.5 s. delay time at each particular applied voltage. The break-
down voltage was considered as the one for which a sudden loss of at
least two orders of magnitude of the dielectric capacitance was observed
on the measurement display. In case of the analyzed resins, the breakdown
voltage could be clearly determined, since the resins did not break progres-
sively, but sudden, as will be shown in a graph in the text of this article.
The breakdown field was calculated by dividing the breakdown voltage to
the value of the film thickness obtained via profilometry. We analyzed only
4 glass slides (in total 16 MIM samples) for each of the four resins for
both dielectric and breakdown field measurements and observed a very
uniform reproducibility of the results among the samples of each partic-
ular resin. All the films were cast from identical resin concentration solu-
tions for each of the four resins, therefore the breakdown field experiment
does not consider the variation of the results with the thicknesses of the
dielectric films. Impedance spectroscopy was performed on an impedance
analyzer (Novocontrol GmbH) in a frequency range between 10 kHz and
1 mHz.

Gas chromatography (GC) and high-performance liquid chromatogra-
phy (HPLC), high-resolution mass spectrometry (MS) analyses have been
performed for all samples, complemented by pyrolysis-GC–MS analysis.
The molar mass distribution of the four pine resins was obtained by size
exclusion chromatography. For HPLC-MS: ≈10 mg of each sample was
mixed with 1 mL of acetonitrile and sonicated for 5 min, centrifuged and
the soluble fraction analyzed using a Thermo Scientific Surveyor HPLC sys-
tem coupled to a LTQ Orbitrap Velos mass spectrometer. The compounds
were separated on a Thermo Scientific Accucore C18 column (150 mm ×
3.0 mm, 2.6 um particle size) using a gradient with two phases: a mobile
phase A containing 0.1% formic acid in water and a mobile phase B con-
taining 0.1% formic acid in acetonitrile, at a flow rate of 0.5 mL min−1;
the elution gradient starting conditions were 95% A and 5% B. After 2 min
allowed for equilibration, the proportion of phase B was increased to 20%
at 8 min, to 40% at 12 min, to 60% at 15 min, and finally to 95% at 19
min and held constant for another 4 min. UV detection was completed by
a photodiode array detector and the mass spectra were recorded with an
atmospheric pressure chemical ionization interface in FT mode with a res-
olution of 30 000. In the case of pyrolysis-GC–MS: in order to achieve bet-
ter performance in the analysis of the four resins, the pyrolysis has been
performed in the presence of tetramethylammonium hydroxide (TMAH,
Fluka).[140] The experiments were performed with the aid of a CDS Pyro-
probe 5250 pyrolyzer (CDS Analytical Inc.) coupled to a Trace GC Ultra
(Thermo Electron Corp.) equipped with a capillary column Restek RTX35
(30 m × 0.32 mm × 0.25 μm), and a quadrupole mass spectrometer MD
800 (Fisons Instruments). 5 μL of saturated aqueous TMAH solution were
added to ≈100 μg of sample and pyrolysis was performed at 550 °C for 10 s,
with the pyrolizer interface set at 300 °C and the injector at 280 °C. The GC
column temperature conditions were set as following: the initial tempera-
ture 50 °C, hold for 2 min, increase with a ramp of 20 °C min−1 to 300 °C,
and hold this temperature for 10 min. Helium gas flow was set to 0.8 mL
min−1, the split flow was 14 mL min−1. Mass spectra were recorded under
electron impact ionization at 70 eV electron energy in the range from m/z
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15–400. Identification of the compounds was done by comparison of the
mass spectra with NIST 2011 electronic library and literature.[141] For size
exclusion chromatography, the samples were mixed with tetrahydrofuran
(THF) and the insoluble part removed by filtration.

Attenuated total reflection Fourier-transform infrared (ATR-FTIR) spec-
tra were measured on a Bruker Vertex 80 FTIR spectrometer equipped with
a Bruker Platinum ATR unit having a liquid nitrogen cooled mercury cad-
mium telluride (MCT) detector. All the spectra were recorded with a res-
olution of 1 cm−1 and averaging over 200 scans. The solid resin material
evaluated via ATR-FTIR was obtained from ethanolic solutions of the resins
by depositing the resin on a glass substrate via drop-casting, drying the re-
sulting film at 80 °C and removing by scrapping the resin material from
the substrate.

The gate electrode of the fabricated OFETs contained a layer of alu-
minum oxide and a thin film resin as capping layer. The aluminum oxide
was grown electrochemically following a reported method[142] that was
optimized over the years in our laboratory.[46,92,143] The thickness of the
aluminum gate electrodes that were subsequently anodized was 80 nm
for all the OFET devices, and the anodization was carried out in a clean
room environment of class 6 certified according to ISO 14 644, suitable for
nanostructuring, novel electronic components and sensors development.
Critically important, the aluminum wire used for evaporation to obtain the
gate electrode had a purity of 99.999% (ChemPUR GmbH) and the respec-
tive gate electrode layer was evaporated at a fast rate of 4–5 nm s−1, which
is advantageous for generating a very smooth aluminum layer, and allow-
ing the fabrication of a very high-quality aluminum oxide via anodization
process. The anodization voltage of this study was set to 10 V, while main-
taining in this process a steady current of 15 mA. After reaching the 10 V
compliance, the sample was allowed to slowly continue to anodize until
the final current reached ≈4.5 μA. The anodization procedure, as well as
the geometries of the devices employed in the MIMs and OFETs investiga-
tions are identical to the ones reported in our previous publication dealing
with silver fir and Rocky mountain fir resins.[103]

The semiconductor materials, pentacene and C60 were purchased from
Sigma-Aldrich, purified one time by train-sublimation, and deposited in a
Physical Vapor Deposition (PVD) System, using identical recipes of depo-
sition (vacuum level, temperature ramp, deposition rate of 0.2–0.3 Å s−1,
etc.) for pentacene for all the four resins and for C60 for all the four resins
respectively, to account for a final thickness of 60 nm of each of the two
semiconductors. Also, we employed an identical transistor geometry for
all the OFETs fabricated in this study, with a 2 mm wide gate electrode
and a channel dimension of 35 μm length and 2 mm width. Similar to
our previous report,[103] also in this study we did not attempt to optimize
the semiconductor deposition for each particular resin in order to obtain
record hole or electron mobilities,[136,144] but fabricated three batches of
twenty-four OFETs for each of the four resins employed in the study and for
each of the two semiconductors. All the fabricated OFETs were measured
on a probe station situated in a glove box under nitrogen atmosphere.
The definition and the determination of the transistor parameters, i.e., the
ON/OFF, the threshold voltage, the subthreshold swing (Ssw,) the normal-
ized subthreshold swing (Ssn), and the field effect mobility were amply de-
scribed in our recent publication,[103] according to the work of Newman
et al.[145]
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