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a b s t r a c t

A novel porphyrin fluorescent marker from a naturally occurring substance, cardanol, is presented.
Synthetic routes were investigated to obtain an aldehyde precursor derived from cardanol and the target
porphyrin; the conditions for porphyrin formation, choice of acid and reaction time were optimized. The
resulting meso-tetrakis(2-methoxy-4-pentadecylphenyl)porphyrin exhibits high solubility in diesel fuel
and its strong fluorescence was observed as two characteristic signals; the porphyrin marker was stable
in diesel for at least 3 months. The physical properties of the diesel were unaffected by the presence of
the porphyrinic marker at a concentration of 2 ppm.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Generally, fuel oils are taxed according to the government rates,
depending on their type and application. The governments
encounter many problems resulting from tax evasion by some fuel
sellers, via smuggling illicit fuel into the country, diluting the higher-
taxed fuel with hydrocarbons or the lower-taxed fuels, and using the
low-taxed fuels for purposes critically requiring the higher-taxed
ones. These issues cause a huge loss of revenue to the government
and adverse effects to consumers. To avoid these problems, fuel
markers are used for marking and identifying types of petroleum
products in the market. Several marker systems have been used for
a few decades [1]. However, major drawbacks of many markers are
their low solubility in non-polar solvents or oils and low stability in
oils or in long storage condition at high temperature. Recently, some
compounds with fluorescence properties, for example phthalocya-
nines, naphthocyanines [1b], and coumarin derivatives [1c], were
explored as ‘‘silent’’ fluorescent markers as theyare visually invisible
under ambient light but can be easily detected by their fluorescence.
In addition, these compounds exhibit greater stabilities in petro-
leum products and their detection methods offer higher sensitivity,
compared to the case of marker dyes. The important features of
ganic Chemistry, Department
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a fluorescent marker are: (1) solubility in petroleum products; (2)
strong fluorescence in distinct regions from fluorescent components
in petroleum products enabling them to be used at low concentra-
tions; (3) invisibility to the naked eye; (4) stability in petroleum
products for at least 3 months (the average shelf-life of the petro-
leum products); and (5) scalable syntheses.

Cardanol (1a–d, Chart 1) is a mixture of natural alkyl phenols
obtained by vacuum distillation of cashew nut shell liquid (CNSL).
Due to the solubility enhancement resulting from its solubilizing
alkyl chain, several studies reported the introduction of cardanol
into various macrocyclic frameworks such as fullerene [2], phtha-
locyanine [3] and porphyrins [4]. Synthetic tractability, high stabil-
ities, and tunable photophysical properties make porphyrins
attractive photosensitizing compounds. Meso-tetrasubstituted
porphyrins can be simply prepared by acid-catalyzed pyrrole–
aldehyde condensations, followed by oxidation of the porphyri-
nogen intermediate at ambient temperature and under atmospheric
pressure [5]. Similar to other phenols, aromatic carbons of cardanol
are susceptible to electrophilic aromatic substitution. Formylation of
cardanol to obtain a starting aldehyde for the porphyrin formation
was previously reported [6]. In this contribution, we explore the
synthesis of a highly soluble porphyrin as a fluorescent marker for
diesel from the naturally occurring cardanol. The study also includes
development of a detection method for the porphyrin marker,
investigation of effects of the marker on diesel properties, and
stability test of the marker in diesel to evaluate the applicability of
the porphyrin in the commercial diesel.
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2. Results and discussion

2.1. Syntheses of fluorescent markers

Generally, distillation of CNSL mainly gives a cardanol mixture of
1a–d bearing a C15-alkyl chain with 0–3 unsaturation sites [7]. Since
the direct use of this cardanol mixture caused complications and
side reactions of the olefinic double bonds in formylation and
porphyrin formation (data not shown), hydrogenated cardanol was
used (1a) [2]. Therefore, the synthesis started from formylation of
hydrogenated cardanol 1a by a reaction with paraformaldehyde in
the presence of SnCl4 and NEt3 [6b], leading to aldehyde 2. The
conventional Reimer–Tiemann formylation afforded a mixture of
both isomeric o-products. Initially, the target porphyrin was
designed to contain n-pentadecyl groups at the p-positions and
sterically encumbered hydroxyl groups at the o-positions of the
meso-substituents providing the enhancement of the solubility of
the macrocycle. An attempt to prepare the porphyrin by direct
condensation of pyrrole and aldehyde 2 failed to give the desired
porphyrin in a reasonable yield due to the difficulties encountered
in the purification step. This observation is consistent with that
reported in the literature [8]. Hence, methylation of phenol 2 was
performed [9], leading to aldehyde 3 in 78% yield (Scheme 1).

Compound 3 was subjected to porphyrin formation. It has been
known that rate and yield of porphyrin formation are dependent on
nature of acid catalyst, its concentration, and of the reactant [10].
Herein, acid screening experiments were performed under TFA
[5a], TFA/BF3$OEt2 [5d], or BF3$OEt2/NaCl/EtOH [11] catalysis,
which are previously studied and widely used for porphyrin-
forming reactions, as a function of condensation time from 0 to
45 min. The reaction progress was monitored according to the
published procedure to obtain the appropriate time for porphyrin
formation and, hence, to initiate the subsequent DDQ-oxidation
step [10]. The yield of porphyrinic product was expressed by the
intensity of its characteristic B-band at 420 nm. A representative
plot of the yield of porphyrinic product as a function of conden-
sation time is provided in Fig. 1.

According to the result shown in Fig. 1, the use of BF3$OEt2/NaCl/
EtOH with the reaction time of 10 min was optimal for porphyrin
OHOH

1a 2

(CH2O)n, SnCl4
NEt3, toluene
reflux, 8hH31C15 H31C15

Scheme
production. Therefore, this condition was employed in the
porphyrin formation step and upon the subsequent DDQ-oxidation,
the desired porphyrin 4 was obtained in 35% yield (Scheme 2). In
agreement with the result described by Stäubli et al. [12] for a series
of simple porphyrins, the porphyrin 4 was obtained in a mixture of
all four atropisomers bearing methoxy groups in four possible
orientations relative to the porphyrin plane, i.e. a,a,a,a; a,a,a,b;
a,a,b,b and a,b,a,b.

Porphyrin 4 exhibits satisfactory solubility in a variety of
common organic solvents, such as toluene, hexanes and CHCl3, and
in diesel.
2.2. Detection and quantitative determination of fluorescent
markers in diesel

Porphyrin 4 shows a characteristic Soret band at 420 nm and Q-
band at 512, 550, 590 and 645 nm. Its strong emission peaks at 652
and 719 nm are distinct from fluorescent impurities in diesel and
serve as a twofold indicator for the marker. Furthermore, the
intensity of these two peaks enables the quantification of porphyrin
4 in diesel, allowing us to evaluate the stability of porphyrin 4 in
diesel. Hence, a standard calibration curve of porphyrin 4 in diesel
was prepared by measuring fluorescence intensity at 652 nm
(lexc¼ 512 nm) of a series of the solutions of 4 in diesel at the
concentration range of 0–10 ppm and plotting it against the
concentration. A standard calibration equation was found to be
Y¼ 58.35X with the correlation coefficient equal to 0.9984. Since
the diesel is generally consumed within 3 months after releasing to
the market, the stability test of porphyrin 4 in diesel was performed
in a period of 3 months. The test was carried out by measuring
fluorescence of a solution of 4 in diesel at the concentration of 2 and
5 ppm after 1–3 months and the fluorescence intensity at 652 nm
was converted into the marker concentration by the above-
mentioned calibration equation. At these concentrations of the
marker, color of porphyrin is invisible to the naked eyes. The result
is summarized in Table 1.

The result from Table 1 indicated that the fluorescence of
porphyrin 4 remained intact for at least 3 months and, hence,
porphyrin 4 is stable enough to be used as a marker in diesel.
2.3. Effect of porphyrin 4 on physical properties of diesel

This part focuses on the investigation of physical properties of
marked diesel to ensure that the addition of porphyrin 4 will not
significantly affect the physical properties of the original diesel.
Diesel from PTT Public Company Limited (PTT) containing fluo-
rescent marker 4 was tested for the physical properties using the
American Society for Testing and Materials (ASTM) methods. The
physical properties of marked and unmarked diesel were compared
as shown in Table 2.

The result from Table 2 revealed that the physical properties of
marked diesel were similar to those of unmarked diesel and, thus,
the presence of marker 4 does not significantly affect the physical
properties of diesel.
CHO
OCH3

CHO
K2CO3,CH3I

acetone

3

78% H31C15
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Fig. 1. Acid screening on pyrroleþ aldehyde 3 condensation.a
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3. Conclusion

In this study, cardanol was converted to an aldehyde starting
material for the synthesis of porphyrin 4 through 2 simple quan-
titative steps. The optimization of the porphyrin formation step was
performed spectroscopically by screening selected acid catalyst
systems and reaction time. By the optimum condition obtained,
porphyrin 4 was synthesized in satisfactory isolated yield.
Porphyrin 4 proves itself as a considerable candidate for diesel
fluorescent marker by its high solubility, distinct fluorescence and
favorable stability in diesel without significantly affecting the
physical properties of diesel.
4. Experimental section

4.1. Material and methods

All chemicals were obtained from commercial suppliers and
used without further purification. CHCl3 was stabilized with 0.8%
ethanol. Melting point was measured on a Stuart Scientific Melting
Point SMP1. 1H NMR and 13C NMR spectra were collected in
deuterated chloroform (CDCl3) using Varian Mercury NMR spec-
trometer at 400.1 MHz (1H) and 100 MHz (13C). Chemical shifts (d)
are reported in parts per million (ppm) relative to the residual CHCl3
peak (7.26 ppm for 1H NMR and 77.0 ppm for 13C NMR) and coupling
(1) Pyrrole, BF3.OEt2, NaCl
EtOH, CHCl3, rt,10min

(2) DDQ, rt, 1h
C15H313

35%

Scheme
constants (J) are reported in Hertz (Hz). Electrospray ionization
time-of-flight mass spectrometry (ESI-TOF-MS) was measured with
a Micromass (LCT) mass spectrometer and matrix-assisted laser-
desorption ionization mass spectrometry (MALDI-MS) was per-
formed by using dithranol as a matrix. Absorption spectrum of the
marker was measured on a Perkin–Elmer (Lambda 2) UV/vis spec-
trophotometer. Fluorescence spectrum of the marker and the
quantity of the fluorescent marker in diesel were measured on
a Perkin Elmer LS 50 luminescence spectrophotometer. In regard to
the physical properties of marked and unmarked diesels: kinematic
viscosity was recorded on Cannon automatic viscometer; flash point
(Pensky–Martens) was measured on a Perzoc ISL (PMFP93) auto-
matic flash point tester; pour point was recorded on an ISL (CPP5GS)
automatic pour point tester; sulfur content was determined using
a Outokumpu (X-MET820) X-ray diffraction spectrometer; distilla-
tion was performed with a AD 865G (ISL) automatic distillation
apparatus; total acidity was evaluated with a Metrohm 665 total
acid number analyzer and color was observed with a Lovibond
(PFX990/P) petrochemical tintometer.
4.2. Non-commercial compounds

Hydrogenated cardanol (1a) was kindly supplied by Dr. Nantanit
Wanichacheva and 2-hydroxy-4-pentadecylbenzaldehyde (2) was
obtained by a literature procedure [6b].

4.2.1. 2-Methoxy-4-pentadecylbenzaldehyde (3)
Following a previously published procedure [6b], a solution of

compound 2 (192 mg, 0.577 mmol) in acetone (5 mL) was treated
with K2CO3 (114 mg, 0.692 mmol) in a 50-mL round bottom flask.
After stirring at room temperature for 10 min, the reaction mixture
was treated with iodomethane (43.1 mL, 0.692 mmol) and stirred
further until no more substrate was observed by TLC monitoring
(about 14 h). The mixture was washed with distilled water
(2� 20 mL) and extracted with ethyl acetate (2� 20 mL) in
a separating funnel. The organic phase was separated, dried over
anhydrous Na2SO4 and filtered. After the removal of solvent, the
resulting crude product was purified by column chromatography
(silica, hexanes) to give white crystals (162 mg, 78%). m.p.
39–40 �C; 1H NMR: d 0.87 (t, J¼ 6.8 Hz, 3H), 1.20–1.45 (m, 24H),
1.55–1.65 (m, 2H), 2.62 (t, J¼ 7.8 Hz, 2H), 3.90 (s, 3H), 6.77 (s, 1H),
6.83 (d, J¼ 7.8 Hz, 1H), 7.72 (d, J¼ 7.8 Hz, 1H), 10.39 (s, 1H); 13C
NMR: d 14.0, 20.7, 22.5, 29.19, 29.24, 29.3, 29.4, 29.5, 29.6, 29.77,
29.80, 29.83, 30.9, 31.8, 36.5, 55.5, 111.5, 120.9, 122.7, 128.6, 152.4,
161.9, 189.5; ESI-MS obsd 347.232; HR-ESI-TOF-MS obsd 347.2941,
calcd 347.2950 [(MþH)þ; M¼ C23H38O2].

4.2.2. Synthesis of meso-tetrakis(2-methoxy-4-
pentadecylphenyl)porphyrin (4)
4.2.2.1. Effects of acid catalyst and time on porphyrin for-
mation. Following a previously published procedure [11], a solution
NH N
NOCH3 HN

H3CO

OCH3

C15H31

C15H31

H3CO

4

H31C15
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Table 1
The concentration of 4 in diesel after 1–3 months.

Month Concentration of 4a (ppm)

2-ppm sample 5-ppm sample

1 2.02�0.02 4.97�0.01
2 2.02�0.01 4.97�0.01
3 2.02�0.01 4.97�0.01

a Average� standard deviation, n¼ 2.
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of 3 (200 mg, 0.577 mmol) and pyrrole (39.9 mL, 0.577 mmol) in
CHCl3 (58 mL) was degassed with N2 for 10 min and then treated
with BF3$OEt2 (24.1 mL, 0.190 mmol) and NaCl (847 mg, 14.5 mmol)
at room temperature. Aliquots (2 mL) were taken from a reaction
vessel via syringe every 5 min for 45 min reaction time and injected
into a solution of DDQ in toluene (300 mL, 0.010 M). This solution
was diluted in CH2Cl2/EtOH (3 mL, 3:1) and absorption spectra
were recorded instantaneously.

Monitoring the reaction under BF3$OEt2/TFA and TFA catalysis
was performed in the same manner by using BF3$OEt2 (2.4 mL,
0.019 mmol) and TFA (64.6 mL, 0.870 mmol) for the former case, and
TFA (43.1 mL, 0.580 mmol) for the latter one. CH2Cl2 was used instead
of CHCl3 in both catalysis conditions. A graph between absorbance (y-
axis) and time (x-axis) was plotted for all three acid catalytic systems.

4.2.2.2. Synthesis of compound 4 under optimized condition. Follow-
ing the above-mentioned procedure for the acid screening experi-
ment under BF3$OEt2/NaCl/EtOH cocatalysis, the identical amount of
3, pyrrole, BF3$OEt2 and NaCl was reacted in CHCl3 at room
temperature for 10 min. DDQ (98.5 mg, 0.434 mmol) was added and
the mixture was stirred at room temperature for an additional hour.
The reaction mixture was filtered through a pad of silica, concen-
trated and then chromatographed (silica, CH2Cl2). Precipitation from
hexanes/CHCl3 furnished a purple solid (80 mg, 35%). 1H NMR:
d �2.63 (br s, 2H), 0.87–0.90 (m, 12H), 1.20–1.63 (m, 96H), 1.86–1.96
(m, 8H), 2.93 (t, J¼ 7.8 Hz, 8H), 3.58, 3.55, 3.52 (3s, relative
intensity¼ 1:2:1, 12H), 7.12 (m, 8H), 7.82, 7.86, 7.91 (3d, J¼ 7.8 Hz,
relative intensity¼ 1:2:1, 4H), 8.72 (s, 8H); 13C NMR: d 14.2, 22.7,
29.4, 29.6, 29.66, 29.73, 29.8, 30.07, 30.11, 31.7, 31.9, 32.0, 36.5, 55.80,
55.83, 111.0, 111.1, 115.5, 115.6, 119.3, 128.5, 128.6, 135.4, 135.5, 144.7,
159.2, 159.3, 159.30, 159.34; MALDI-MS (dithranol): 1576.370; calcd
avg mass 1576.435 (C108H158N4O4); labs (CH2Cl2) 420, 512, 546, 589,
645 nm; lem (lex¼ 550 nm, CH2Cl2) 652, 717 nm.
Table 2
Physical properties of marked and unmarked diesels.

Physical property Methoda (ASTM) Dieselb

Unmarked Marked

APIc gravity at 15.6 �C D 1298 38.64 38.64
Specific gravity at 15.6/15.6 �C D 1298 0.83168 0.83168
Calculated cetane indexd D 976 56.0 56.0
Kinematic viscosity at 40 �C (cSt) D 445 2.994 2.989
Pour point (�C) D 97 �4.0 �4.0
Flash point (�C) D 93 65.0 65.0
Sulfur content (w/w%) D 4294 0.030 0.030
Distillation D 86
IBPe (�C) 173.0 173.0
10% (v/v) recovery (�C) 201.8 202.4
50% (v/v) recovery (�C) 280.1 279.7
90% (v/v) recovery (�C) 353.3 353.2
Color D 1500 <0.5 <0.5

a Diesel was marked with porphyrin 4 at 5 ppm.
b American Society for Testing and Materials (ASTM).
c American Petroleum Institute (API).
d Calculated Cetane Index¼ 454.74�1641.146Dþ 774.74D2� 0.554Bþ 97.803

(log B)2; wherein D¼Density at 15 �C, g/mL and B¼ 50% vol. Distillation, �C.
e Initial boiling point (IBP).
4.3. Effect of fluorescent marker 4 on physical properties of diesel

A diesel sample employed in this study was obtained from PTT.
A 500-ppm stock solution of marker 4 was prepared by dissolving 4
(25 mg) in the diesel and made up to 50 mL in a volumetric flask.
This solution (10 mL) was diluted 100 times by diesel to obtain a 5-
ppm solution of marked diesel (1 L) for testing. Physical properties
of marked and unmarked diesels were investigated according to
the ASTM methods.

4.4. Quantitative determination of fluorescent marker in diesel

A series of calibration solutions of 4 in diesel were prepared at
the concentration of 2, 4, 6, 8 and 10 ppm by pipetting the 500-
ppm stock solution (0.2, 0.4, 0.6, 0.8 and 1.0 mL, respectively) into
each 50-mL volumetric flask and made up to the volume with the
diesel. Fluorescent spectra (lex¼ 512 nm) were collected on
a spectrofluorometer and a calibration curve between intensity (y-
axis) and the concentration (x-axis) of fluorescent markers in
diesel was plotted to give a calibration equation. This equation
was used to quantify marker 4 in the stability test described
below.

4.5. Stability test of fluorescent marker 4 in diesel

The test was performed with the diesel marked with compound
4 in the concentration of 2 and 5 ppm on a spectrofluorometer. The
2-ppm marked diesel was prepared according to the preparation of
the 5-ppm one described above by diluting the 500-ppm stock
solution of marker 4 (1 mL) in diesel in a 250-mL volumetric flask.
Each solution was placed into 6 tightly sealed vials (5 mL each) and
stored in an ambient environment. Each two solutions of each
concentration were directly taken from the vials to the fluorescence
measurement (lex¼ 512 nm) after 1–3 months. Quantity of marker
4 was determined by the calibration equation.
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tary data associated with this article can be found in the online
version, at doi:10.1016/j.dyepig.2008.10.015.
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