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ABSTRACT: The chemical compound 5-(4-Nitrophenyl)-2,4-pentadien-1-al (NPPD), called “spy dust,” was used in the Soviet Union as a shadowing
pursuit, the act of following someone secretly, for investigating the activities of diplomatic personnel. It is also useful for counter-terrorism, and
some criminal cases in the forensic science field. In this paper, it was synthesized and evaluated as a tracer for shadowing pursuits. The method for
utilizing this reagent was very simple: it was dissolved in methanol (1 mg/mL) and sprayed on the restricted area. If the suspect was to enter this
area or touched the sprayed material, NPPD was attached to the suspect’s shoe surface or hands. The color examination was a two-steps process:
first was the addition of 1 mL of a 0.1% naphthoresorcinol methanol solution to the methanol extracts of a methanol-contained cotton swab used to
smear some surfaces of the suspect, and second, the addition of 1 mL of concentrated hydrochloric acid, which turned the solution dark red. The
Amax Of the colored solution was 510 nm, measured by ultraviolet-vis spectroscopy. Detection limits for three methods were determined: a visual
method (detection limit 100 ng/3 mL), an ultraviolet-visible spectrometric method (detection limit 10 ng/3 mL), and a selected-ion-monitoring gas
chromatographic/mass spectrometric method (detection limit 300 pg/injection). The forensic utility of NPPD was demonstrated for two simulated
cases: a theft case and a case where NPPD was used as a tracer to prove that an automobile had entered a restricted area.
These examinations prove NPPD is a useful shadowing pursuit (spy dust) for the forensic science field.
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In theft, arson, and public security cases in Japan, tracers for shad-
owing pursuits have been limited to polyaromatic hydrocarbons
(PAHs; for example, anthracene or phenanthrene) and phenolph-
thalein (1,2). However, these tracers have serious disadvantages.
PAHs are present in the asphalt of road surfaces and may be car-
cinogenic. Phenolphthalein is colored under basic conditions, and
therefore visual detection methods using this reagent suffer low
sensitivity under basic atmospheric conditions.

Recently, luminescent markers using europium [3-diketonates
have been developed (3-8). Methods using these markers avoid
the disadvantages of the conventional PAH and phenolphthalein
methods. However, the luminescence methods suffer low selectiv-
ity because the colors of light emitted from europium (3-diketonate
complexes are similar (9). Kurata et al. attempted to resolve this
problem by using a mass spectrometer to accurately identify the
diketonate complexes (10-14).

In this paper, we used selected-ion-monitoring (SIM) gas
chromatography/mass spectrometry (GC/MS) to evaluate 5-(4-
nitrophenyl)-2,4-pentadien-1-al (NPPD) as a tracer for shadow-
ing pursuits; NPPD has been referred to be “spy dust.” Though
this reagent was considered to be nonmutagenic and noncarcino-
genic (15), very low mutagenic activity for Salmonella typhimurium
was predicted (16—18). This activity is found only in Salmonella
and marrow (18). By these reports, NPPD was considered to be
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a safe reagent compared with PAHs. The classic method for de-
tecting this reagent involves two steps: colorization using naph-
thoresorcinol and hydrochloric acid, followed by either visual
or ultraviolet-visible (UV-vis) spectrometric measurement of the
intensity at 510 nm. This reagent had no fluorescence in this
region.

Experimental
Chemicals

In this study, the reaction of NPPD and acidified naphtoresorci-
nol was utilized. Naphthoresorcinol was purchased from Aldrich
Chemical Co. Ltd. (Milwaukee, WI). NPPD was synthesized using
the following method, and other solvents were analytical grade.

Synthesis of 5-(4-nitrophenyl)-2,4-pentadien-1-al (NPPD, (1),
(Fig. 1).

Wittig reaction of monoene 4-bromo-2-buten—1-oic acid methyl
ester (2) gave an unsaturated diene (3). The compound (3)
was treated with p-nitrobenzoic acid, and the resulting product
(4) was reduced with isobutylaluminum hydride, yielding 5-(4-
nitrophenyl)-2,4-pentadien-1-ol (5). NPPD (1) was obtained by ox-
idizing (5) with manganese dioxide.

Apparatus for Confirmation of the Structure of NPPD

The structure of NPPD was confirmed by proton nuclear magnetic
resonance spectroscopy (‘H NMR), carbon-13 nuclear magnetic
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FIG. 1—Structures of 5-(4-nitrophenyl)-2,4-pentadien-1-al and its in-
termediates. (1) 5-(4-nitrophenyl)-2,4-pentadien-1-al and its intermedi-
ates, (2) 4-bromo-2-butene-1-oic acid methyl ester, (3) Wittig reaction
intermediate, (4) 5-(4-nitrophenyl)-2,4-pentadien-1-oic acid methyl ester,
(5) 5-(4-nitrophenyl)-2,4-pentadien-1-ol.

resonance spectroscopy (3C NMR), and direct-inlet electron-
impact mass spectrometry (DI-EI-MS). 'HNMR and '*C NMR
spectra were acquired with a 600-MHz INM-ECP600 NMR spec-
trometer (JEOL Ltd., Tokyo, Japan) using 5 mg of NPPD powder
dissolved in CDCI ;. DI-EI-MS analysis of 1 mg of NPPD dis-
solved in 10 mL of methanol and 1 pL of this solution was an-
alyzed with a JEOL JMS-GCmate mass spectrometer (ionization
voltage, 30 eV; ionization current, 70 pA; ion source and sam-
ple inlet temperatures, 280°C). The purity of the NPPD sample was
certified by high-performance liquid chromatography (HPLC) (Ag-
ilent 1100 series chromatograph (Agilent Co. Ltd., Palo Alto, CA));
column, Hypersil ODS, 2.0 mm inside diameter x 125 mm; mobile
phase, 90:10 (v/v) methanol-H,O (1 mL/min); column tempera-
ture (controlled by a column oven), 25°C; detection wavelength,
254 nm).

Visual Detection Method

One milliliter of a 0.1% naphthoresorcinol methanol solution was
added to 1 mL of a 0.1 mg/mL solution of NPPD in methanol. The
resulting solution was colorless at this point. After the addition
of 1 mL of concentrated hydrochloric acid, the solution became
dark red. The Ay of the colored solution was 510 nm, measured
by UV-vis spectroscopy (UV-1700 Pharmaspec, Shimadzu, Kyoto,
Japan).

Visual and UV-vis detection limits were determined according to
the above procedure using standard methanol solutions of NPPD
(10 ng/mL, 100 ng/mL, 1 pg/mL, 10 nug/mL, and 100 pg/mL of
solution).

Selected-ion Monitoring

The base peak of NPPD, m/z 128 [M™, -NO, —C=0], was used
for selected-ion monitoring of NPPD. Selected-ion monitoring was
performed with a JEOL JMS-GCmate mass spectrometer under the
following conditions: Agilent 6890 gas chromatograph; column,
DB-5, 30 m x 0.25 mm inside diameter, 0.25 pum thickness (J&W
Scientific, Folsom, CA); temperature program: 10°C/min from 200
to 300°C, 5 min at 300°C; carrier gas, helium; linear velocity, 22.5
mm/s; ion source, interface, and injection temperatures, 280°C; in-

jection method, splitless; ionization voltage, 30 eV; ionization cur-
rent, 70 HA.

The sample was prepared as follows. The target surface was
swabbed with a cotton ball (about 1 cm diameter) moistened
with methanol or acetone. The cotton ball was extracted four
times with 5 mL of methanol by centrifugation, and the super-
natants were combined and dried at 60°C under a moderate flow
of nitrogen for 1 h. The residue was redissolved in 20 puL of
ethyl acetate, and 1 pL of this solution was introduced into the
GC/MS.

Results and Discussion
Structure of NPPD

The structure of NPPD was confirmed spectroscopically. The 'H
NMR, '3C NMR, and DI-EI-MS spectra of NPPD are shown in
Figs. 2—4, respectively. Figure 5 shows the HPLC chromatogram
of NPPD.

Visual and UV-vis Spectrometric Detection of Colored NPPD

Visual and UV-vis detection limits at Ap,x = 510 nm (A, deter-
mined by UV-vis spectroscopy (Fig. 6)) were determined according
to the colorization procedure described in the experimental section.
The visual detection limit was 100 ng of NPPD in 3 mL of solution,
and the UV-vis detection limit (S/N = 5) was 10 ng in 3 mL of
solution.

The dark red color was stable for 5 h, after which the color slowly
changed to pale yellow (Fig. 7).

Selected-ion-monitoring Detection of NPPD

The GC/MS/SIM method was much more sensitive than the vi-
sual and UV-vis detection methods. The GC/MS/SIM detection
limit was initially estimated by injecting 1 uL of a standard methanol
solution of NPPD (1 pg/uL, 100 ng/uL, 10 ng/uL, 1 ng/uL,
100 pg/uL) into the GC/MS. An obvious peak (retention time of
NPPD, 14.5 min) was observed for the 1-ng sample, but the 100-
pg sample did not satisfy the qualitative detection limit regulation
(S/N = 3). Further study showed that the S/N = 3 requirement
was satisfied at 300 pg/injection.

Selected-ion-monitoring chromatograms (monitoring ion: m/z
128, base peak) for 50 ng/injection and 1 ng/injection are shown in
Fig. 8.

Simulated Experiments
Case One

A theft case in which the suspect intended to steal an expensive
computer was simulated. To identify the suspect’s behavior and
prevent the theft, 0.1 mg/mL of NPPD methanol solution was
applied to the exit and entrance doors of the target room, and
the surfaces were allowed to air-dry. After the suspect entered
and exited the room, dried NPPD was transferred to the sus-
pect through the sweat on the hands. NPPD tests were carried
out according to the visual colorization protocol. A dark red
color was observed, proving that the suspect entered the room
(Fig. 9).
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FIG. 2—Spectrum of NPPD by | H-NMR. Peaks are assigned to the number at NPPD structure. TMS: tetramethylsilane.

Cg CDCl; "0
A P
o
4 2
(o)
52 CEAS 3 3
34
1 D
IA TMS
| 1 |
] 1 I I 1 1 1 ] || 1 |
200 180 160 140 120 100 80 60 40 20 0
3 (ppm)

FIG. 3—Spectrum of NPPD by 13C_NMR. Peaks are assigned to the number at NPPD structure. TMS: tetramethylsilane.
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FIG. 4—Mass spectrum of NPPD by DI-EI-MS.
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FIG. 5—Chromatogram of NPPD by HPLC.
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FIG. 7—Colorization of NPPD by visual detection protocol. (a) 10 ng/3 mL, (b) 100 ng/3 mL, (c) I ng/3 mL, (d) 10 ug/3 mL of NPPD final colorization

solution.
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FIG. 8—Selected ion chromatogram at m/z 128 of NPPD (top) 50 ng/injection, (bottom) I ng/injection.
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FIG. 9—Theft simulation experiment results. (a) 0.1% NPPD methanol solution was applied to the entrance side of the door handle. (b) Suspect entered
the room, touched the door handle and target computer. (c) Colorization result by NPPD from (1) computer, (2) suspect hands, and (3) exit side of the door

handle.

Case Two

In this case, NPPD was used as a tracer to prove that an
automobile had entered a restricted area. The protocol was slightly
changed, because the adhered period of tire and road surface was
short, 5 mg/mL. NPPD solution was applied, and the extraction
method was also changed. The absence on the surface proves that
10 km of tire motion removed NPPD. A simulated restricted area
(outlined by tape in Fig. 10) was sprayed with a 5 mg/mL NPPD
methanol solution, and the target automobile passed over this area
once. After a 10-km drive (simulating a police chase), the tire sur-
face and tire tread were swabbed with cotton swabs moistened with
methanol. The cotton swab was sonicated in acetone five times,
and the supernatants were combined and then dried under a mod-

erate flow of nitrogen at 60°C for 1 h. The residue was completely
dissolved in 10 pL of ethyl acetate, and 1 uL of this solution was
introduced into the GC/MS. NPPD was not detected in the sample
collected from the tire surface, even by the SIM method. However,
NPPD was detected by GC/MS/SIM (Fig. 11) in the sample col-
lected from the tire tread, proving that the automobile had entered
the restricted area.

Conclusions

The chemical compound 5-(4-Nitrophenyl)-2,4-pentadien-1-al
(NPPD) is an excellent shadowing pursuit from two stand-
points. First, NPPD is a colorless, odorless, harmless, nonmuta-
genic compound. Second, NPPD exhibits a higher sensitivity and
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FIG. 10—Automobile pursuit experiment. (a) Inside the red square, 0.5% of NPPD was sprayed. (b) Automobile passed over this area once. (c) After a
10 km drive, NPPD was collected from the tire surface. (d) After a 10 km drive, NPPD was collected from the tire tread.
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FIG. 11—Selected ion monitoring at m/z 128 of tire tread swab.

selectivity compared with conventional PAH shadowing pursuits.
Visual detection of NPPD involves only two steps, and NPPD does
not exist in common biological systems, so false positives are ex-
cluded. NPPD was detected with a very high selectivity and sensi-
tivity in the GC/MS/SIM method. Mixing NPPD with Vaseline™
for better adhesion (15) may result in improved traceability.
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