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Abstract

We examined fentanyl and its six analogs using wB97XD/cc‐pVTZ density

functional theoretical (DFT) calculations as well as Raman and Surface‐

enhanced Raman spectroscopy (SERS). The in silico DFT calculations provided

the vibrational frequencies, Raman activities, and normal mode assignment for

each analog. Raman spectroscopy can detect crystalline fentanyl analogs but

cannot obtain bands for samples in solution. Therefore, we utilized

gold/silver nanospheres and gold/silver nanostars to examine them. The

gold/silver nanostars provided stronger signals for the fentanyl analogs, and

their SERS spectra can easily distinguish these fentanyl analogs from

nonfentanyl opioids and other common drugs of abuse using principle compo-

nent analysis and other statistical tests. Overall, our results demonstrate that

SERS shows great potential to distinguish fentanyl analogs and detect trace

quantities of these compounds in mixtures of seized drugs.
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1 | INTRODUCTION

Fentanyl is an opioid that was developed in the 1960s as
an alternative to morphine‐oxygen anesthesia.[1] It is
80–100 times more potent than morphine, and some of
its analogs, such as carfentanil and 3‐methylfentanyl,
have even higher potency.[2–4] Fentanyl and its analogs
have been a continuous threat to public health in the
United States since 2005.[5] Over this time, fentanyl abuse
has been escalating. In 2016, fentanyl‐related opioid
abuse resulted in 19,413 overdose deaths, which was
45.9% of all reported drug overdose death.[6,7] Since Feb-
ruary 2018, the Drug Enforcement Administration has
listed fentanyl as a Schedule II drug and fentanyl‐related
substances as Schedule I drugs.[8]

Fentanyl and its analogs are rapidly emerging in the drug
marketplace. Therefore, there is a need for a quick,
wileyonlinelibrary.com/jo
sensitive, and highly specific method for the determination
of fentanyl and fentanyl analogs in both seized drugs and
toxicological samples. Currently, the published screening
methods for fentanyls include spot tests,[9] immunoas-
says,[9–11] ion mobility spectrometry,[12] and GC/MS.[13,14]

Other analytical techniques, such as IR, Raman, SERS,
and LC/MS have also been studied.[15–20] According to the
United National Office on Drugs and Crime report, com-
mon immunoassays developed for opioids have high
cross‐reactivities, making it difficult to detect drug ana-
logs.[10] Surface‐enhanced Raman spectroscopy (SERS) is
an alternative to current screening methods used for opi-
oids. Unlike normal Raman (NR) spectroscopy, which can
only provide information about the molecular structures
of analytes at high concentrations, SERS can detect low con-
centrations, with detection limits (sub ng/ml) that are rele-
vant for toxicological samples.[15]
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SERS utilizes metallic nanoparticles creating localized
surface plasmon resonance to amplify Raman signals of
analytes that are adsorbed or in the vicinity of the nano-
particles. For this reason, SERS is particularly useful as
a trace technique for the identification of drugs of
abuse.[15] SERS provides molecular recognition based on
vibrational spectroscopic identification. Furthermore,
Raman spectroscopy can produce complementary data
when it is used as a screening procedure for downstream
mass spectrometric analysis. Leonard et al. described the
SERS detection of fentanyl and carfentanil.[16] Haddad
and coworkers noted that SERS can detect fentanyl alone
as well as in mixtures with heroin.[17] We have analyzed a
variety of fentanyl analogs, which were previously
reported in drug seizures and verified that SERS can
provide a unique and advantageous method to detect
these compounds. It is sufficiently flexible to permit quick
analysis of newly synthesized compounds with high
specificity.

This work focuses on fentanyl, benzylfentanyl (refer-
ence standard), and five popular fentanyl analogs
reported in forensic casework (shown in Figure 1). We
present the results of density functional theory (DFT) cal-
culations for vibrational mode assignments, the Raman
(NR) spectra of seven fentanyls in the solid state, and
the SERS spectra using two different morphologies of
bimetallic (Au/Ag) colloidal nanoparticles—spheroids
and stars. In this paper, we also employed principle com-
ponent analysis (PCA) on the nanostar‐based SERS spec-
tra to distinguish fentanyl analogs from other common
seized drugs of abuse.
2 | EXPERIMENTAL

2.1 | Chemicals

Tetrachloroauric (III) acid trihydrate (HAuCl4·3H2O) was
purchased from Acros Organics (Waltham, MA). Silver
nitrate (AgNO3), L‐ascorbic acid (L‐AA), and magnesium
chloride (MgCl2) were purchased from Fisher Chemical
(Pittsburgh, PA). Sodium carbonate monohydrate
(Na2CO3·H2O) was purchased from Spectrum Chemical
(New Brunswick, NJ).

Fentanyl and the analogs acetylfentanyl, acrylfentanyl,
benzylfentanyl, butyrylfentanyl, parafluorofentanyl, and
furanylfentanyl were purchased from Cayman Chemical
(Ann Arbor, MI). Amphetamine, methamphetamine,
morphine, hydrocodone, hydromorphone, oxycodone,
heroin, codeine, and thebaine were purchased from RBI
(Natick, MA).
2.2 | Preparation of bimetallic colloidal
nanoparticles

Bimetallic (Au/Ag) colloidal nanoparticles of two
different morphologies, nanostars (Au/Ag NS) and nano-
spheres (Au/Ag NP), were prepared according to a modi-
fied version of the method described by He et al.[21]; 1 ml
of water was mixed with 36 μl of HAuCl4 10

−2 M and 2 μl
of AgNO3 10−2 M and vortexed for 10 s. Then, the solu-
tion was mixed with 6 μl of L‐AA 10−1 M to prepare the
Au/Ag nanostars, or 4 μl of the same solution to prepare
FIGURE 1 Chemical structures of

fentanyl skeleton and seven fentanyl

analogs
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the Au/Ag nanospheres. The mixture was vortexed for
another 20 s. Subsequently, 1 μl of Na2CO3 1 M was
added to stabilize the nanoparticles. The prepared
Au/Ag nanostars exhibited a light‐blue color with a pH
of 6, whereas the Au/Ag nanospheres had a pink color
with a pH of 6.5.
2.3 | Preparation of samples for NR and
SERS experiments

Fentanyl and its analogs were dissolved in methanol as
1 mg/ml standard solutions. To acquire the NR of drugs
in the solid state, a total of 6 μl of standard solutions were
deposited onto aluminum foil as three aliquots and
allowed to dry. In the solution tests, NR measurements
utilized a mixture of 2.5 μl of methanolic standard solu-
tions and 247.5 μl of water. For the SERS measurements,
2.5 μl of 1.67 M magnesium chloride were added to 245 μl
of colloidal nanoparticles, which were allowed to aggre-
gate for 5 min. Then, a 2.5 μl aliquot of each drug sample
was added to the aggregated colloidal sol. This mixture
was incubated for another 5 min and then transferred to
a 96‐wells quartz microtiter plate. SERS measurements
were performed at the 15th, 20th, 25th, and 30th minute
time points. Unless specified otherwise, the final concen-
tration of drug used in this study was 10 μg/ml.
2.4 | Instrumentation

NR and SERS spectra were collected using a Perkin
Elmer 400F benchtop Raman spectrometer fitted with
an excitation laser at 785 nm (350 mW power at the
source, 100 mW power at the sample, 0.05 nm FWHM)
and an air‐cooled (−50°C) CCD detector. Both NR and
SERS spectra were recorded by averaging four accumula-
tions, each of 10‐s exposure time. All spectra displayed in
this paper were baseline corrected and normalized by the
intensity of the band at 3,200 cm−1, which was assigned
to ν (OH) of water.
2.5 | DFT calculations

The Gaussian 09 package was used for all DFT calcula-
tions.[22] The Raman frequency calculations were per-
formed after prior optimization of molecular geometries.
This was done by utilizing the hybrid exchange correla-
tion functionals of B3LYP[23,24] and wB97XD[25] coupled
with the basis sets of 6‐311G** and cc‐pVTZ,[26] respec-
tively. The obtained Raman frequencies and activities
were converted to simulated spectra by utilizing
MultiWFN[27] (νexc 12738.85 cm−1, T 294.15 K, standard
broadening Lorentzian function), whereas the optimized
geometry was visualized by Molden 5.0.[28]
3 | RESULTS AND DISCUSSIONS

3.1 | DFT calculations

The fentanyl analogs shown in Figure 1 illustrate the
characteristic structures and the labeling of the fentanyl
skeleton. For simplicity, we have designated the phenyl
ring as B1, the aniline ring as B2, and the piperdine ring
as pip. The optimal geometry and vibrational frequencies
of benzylfentanyl were computed using B3LYP/6‐311G**,
which provided a set of Raman frequencies with the sim-
ulated spectrum closely resembling the experimental one.
When the vibrational frequencies for fentanyl were calcu-
lated using the B3LYP/6‐311G** and B3LYP/cc‐pVTZ
methods, the simulated spectrum appeared to be shifted
relative to the experimental one in multiple regions, and
exhibited a quadruple peak in the 1,100–900‐cm−1 range
(Figure S1). In contrast, the experimental spectrum
featured a double band in this range, and the intensities
of the corresponding constituent bands at 1,066 cm−1

and 1,031 cm−1 were reversed. Furthermore, we exam-
ined wB97XD/cc‐pVTZ as an alternative method for the
geometry optimization and the calculation of frequencies.
Using this approach, the simulated spectrum of fentanyl
with a scaling factor of 0.9660[29] provided good agree-
ment with experimental data. Therefore, we used this
same wB97XD/cc‐pVTZ computational method to calcu-
late the remaining fentanyl analogs.
3.2 | Evaluation of scaling factors

Table 1 presents the selected bands that were used to cal-
culate the scaling factors between the calculated DFT
spectra and the NR spectra. In this study, we did not split
the scaling factors to the high/low frequency region
because we only have seven analogs, and the errors in
the calculated frequencies were lower than 7.6%.

It is interesting to compare the scaling factors derived
from fentanyl analogs to predict or assign an unknown
spectrum of a new analog. Here, we selected five fentanyl
analogs (fentanyl, benzylfentanyl, parafluorofentanyl,
acrylfentanyl, and butyrylfentanyl) to compare with
acetylfentanyl (an analog without special functional
groups) and furanylfentanyl (an analog with a special
functional group). The specific scaling factor was calcu-
lated as the average of the ratios between the experimen-
tal and computed frequencies, λ = νexp/ωcal.[30] With the
selected five analogs, the average scaling factor was
0.9606, and the tested acetylfentanyl and furanylfentanyl



TABLE 1 Calculated DFT, experimental normal Raman, and SERS vibrational frequencies of fentanyl analogs and assignments of

vibrational normal modes

Butyrylfentanyl Calculated Experimental

Description Mode DFT × 0.9536 Raman/cm−1 SERS/cm−1

ν (C═C)B1 131 1,610 s 1,596 m 1,600 w

τ (CH2)α, ν (C–C)B1 129 1,587 w 1,584 w 1,582 vw

σ (CH2)pip, σ (CH2)β 117 1,432 s 1,442 w 1,444 w

τ (CH2)pip, τ (CH2)α,β 93 1,223 w 1,206 w 1,202 w

ν (B1‐C‐C), σ (CH)B1, τ (CH2)pip, τ (CH2)α,β 90 1,190 m 1,172 vw 1,174 w

τ (CH2)pip, τ (CH2)α,β 87 1,164 m 1,158 w 1,158 vw

ν (CCC)alkyl 72 1,017 s 1,028 m 1,028 m

δ (C═C)B1 65 984 s 1,004 s 1,004 s

τ (CH2)pip, ρ (CH2)pip, ν (C1‐Cε‐N2), 61 958 w 978 vw 980 vw

ν (CB1‐Cα‐Cβ), ρ (CH2)pip 51 826 m 832 m 832 w

δ (CB2‐N1‐C), δ (ring)pip, β (ring)B2, δ (CCC)alkyl 40 647 w 654 vw 656 vw

δ (ring)B2 38 614 m 622 m 622 vw

Acrylfentanyl Calculated Experimental

Description Mode DFT × 0.9573 Raman/cm−1 SERS/cm−1

ν (C═C)B2 118 1,610 s 1,618 m 1,602 w

σ (CH2)pip, δ (CH)B1 110 1,445 m 1,462vw —

ν (HC═CH2), τ (CH2)pip, τ (CH2)β, τ (CH2)acryl, τ (CH)acryl 94, 95 1,297 m 1,276 s 1,278 vw

τ (CH2)pip, τ (CH2)α, ν (C‐N2‐C‐C), τ (CH2)β, δ (CH)B2 88 1,232 m 1,208 w 1,202 w

τ (CH2)pip, τ (CH2)α,β, ν (N1‐C‐C‐C) 85 1,194 m 1,164 w 1,158 vw

ν (C═C)B1, δ (C‐H)B1 69 1,020 s 1,038 w 1,030 m

δ (C═C)B1, γ (CH)B2 61, 62 987 s 1,008 s 1,004 s

δ (C–C–C)pip, ρ (CH2)pip 47 814 m 834 m 830 w

ρ (CH2)pip, ρ (CH2)acryl 41 742 w 748 m 748 w

δ (C═C)B2, ρ (CH2)acryl, ρ (CH2)pip 38 664 w 646 vw 646 vw

δ (ring)B1,B2 35 614 s 626 m 620 w

Benzylfentanyl Calculated Experimental

Description Mode DFT × 0.9592 Raman/cm−1 SERS/cm−1

ν (C═C)B2 116 1,610 m 1,598 m 1,602 w

ν (C═C)B1 115 1,597 w 1,586 m 1,586 m

τ (CH2)pip, τ (CH2)α 76 1,144 w 1,160 m 1,158 w

δ (CH)B2, ν (C═C)B2 65 1,017 m 1,030 s 1,028 s

δ (C═C)B2,B1, ρ (CH2)α 58, 59 990 s 1,004 s 1,004 s

ρ (CH2)pip 49 860 m 834 w 832 w

ω (CH3), ρ (CH2)pip, ν (C‐N2‐C), δ (C‐C1‐C2) 40 731 s 746 s 746 m

δ (ring)B1 35 619 m 622 m 620 w
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Acetylfentanyl Calculated Experimental

Description Mode DFT × 0.9696 Raman/cm−1 SERS/cm−1

ν (C═C)B1 117 1,636 m 1,598 w 1,600 w

ν (C═C)B2 115 1,611 w 1,584 w 1,582 w

δ (CH2)β, σ (CH3), σ (CH2)pip 106 1,460 m 1,460 w 1,442 vw

τ (CH2)pip, ν (C‐N2‐C), δ (CH)B2 85 1,259 m 1,284 w 1,282 vw

τ (CH2)pip, ω (CH2)β 83 1,235 w 1,248 w 1,248 vw

ν (B1‐C), δ (C‐H)B1, ω (CH2)α 81 1,195 m 1,206 m 1,204 w

ν (C‐N1‐C), τ (CH2)pip, δ (C‐H)B1,B2 77 1,169 w 1,176 vw 1,174 vw

δ (C–H)B2 74 1,153 w 1,160 vw 1,158 vw

ν (C–C)pip 63 1,024 m 1,034 s 1,030 m

δ (C═C)B2 59 1,000 s 1,002 s 1,004 s

ν (B1‐C‐C), ρ (CH2)pip, β (ring)B1 45 818 s 832 m 832 m

γ (C–H)B1, γ (C‐H)B2, ρ (CH2)pip, ν (C‐C‐N2), ρ (CH3) 40 726 m 742 m 744 m

ν (C‐N2‐C), ν (C=C‐N2), δ (ring)B2 37 666 m 652 w 660 vw

δ (ring)B1 35 624 m 628 w 622 vw

Parafluorofentanyl Calculated Experimental

Description Mode DFT × 0.9593 Raman/cm−1 SERS/cm−1

ν (C═C)B1 124 1,616 s 1,602 m 1,600 m

ν (C═C)B2 123 1,598 m 1,586 w 1,582 vw

σ (CH2)β, σ (CH2)pip, δ (CH)B1 114 1,443 s 1,466 m 1,470 w

ν (Cα‐B1), ω (CH2)α, ρ (CH)B1 85 1,192 m 1,204 m 1,204 m

τ (CH2)pip, τ (CH2)α,β 84 1,172 m 1,158 m 1,158 m

σ (CH)B2, τ (CH2)pip, τ (CH2)α,β 81 1,143 m 1,152 w —

ν (C═C)B1 70 1,023 m 1,034 m 1,030 m

δ (C═C)B1 65 990 s 1,002 s 1,002 s

ν (N1‐Cα‐Cβ), ρ (CH2)pip, γ (C‐H)B2, δ (C‐C1‐C2) 52 828 s 824 s 824 s

ρ (CH2)pip, ν (C‐N2‐C), ν (Cε‐C1‐C2), ρ (CH3) 41 655 w 642 m 622 w

δ (ring)B2 40 637 w 622 m 621 m

Fentanyl Calculated Experimental

Description Mode DFT × 0.9573 Raman/cm−1 SERS/cm−1

ν (C═C)B1 124 1,629 s 1,606 w 1,600 w

ν (C═C)B1 122 1,605 w 1,586 w 1,588 w

δ (H‐C‐N2) 108 1,425 m 1,456 w 1,442 w

ν (N1‐C‐C‐CB1); τ (CH2)α 85 1,206 m 1,206 w 1,202 w

δ (CH)B1,B2 80 1,154 w 1,160 m 1,158 vw

ν (C═C)B1,B2, δ (CH)B1,B2 70 1,034 m 1,034 m 1,030 m

δ (C═C)B2, ν (Cε‐C1‐C2) 62 996 s 1,002 s 1,004 s

ρ (CH2)pip, ν (Cε‐C1‐C2) 57 961 w 964 vw 970 w

ν (CB1‐Cα‐Cβ‐N1), β (ring)B1 49 830 m 830 m 832 w

τ (CH3), ρ (CH2)pip, δ (Cε‐C1‐C2) 42 732 m 742 m 746 w

δ (ring)B1,B2, ρ (CH2)alkyl, ρ (CH3) 37 622 m 622 m 620 w
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Furanylfentanyl Calculated Experimental

Description Mode DFT × 0.9536 Raman/cm−1 SERS/cm−1

ν (C═C)furane 125 1,596 s 1,602 m 1,599 w

ν (C═C)furane 122 1,496 s 1,472 s 1,468 s

ω (CH2)pip, ω (CH2)β 112 1,393 m 1,388 m 1,390 w

τ (CH2)pip, δ (CH)furane, δ (Cfurane‐Cε‐N2‐Cpip) 92 1,205 w 1,208 w 1,204 w

δ (CH)B2 74 1,025 m 1,034 w 1,030 m

δ (C═C)B1 67 996 s 1,004 s 1,004 s

δ (ring)furane, δ (ring)pip 56 877 w 886 w 886 w

δ (CB2‐N2‐Cε‐Cfurane), δ (CB2‐N2‐Cpip), γ (CH)B2 51 826 m 826 w 828 w

ρ (CH2)α,β, ρ (CH2)pip 49 788 w 794 w 790 vw

δ (ring)B1 39 622 vw 622 w 620 w

Def: ν: stretching; δ: in‐plane bending; σ: scissoring; ρ: rocking. γ: out‐of‐plane bending; τ: twisting; ω: wagging. β: ring breathing.

Abbreviations: DFT, density functional theoretical; SERS, surface‐enhanced Raman spectroscopy.
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had errors lower than 3%. Therefore, the wB97XD/cc‐
pVTZ method can be used to predict unknown spectra
if the required accuracy is not high. The errors in the pre-
dicted frequencies should be less than 4%.[30]
FIGURE 2 Calculated and experimental spectra of fentanyl

[Colour figure can be viewed at wileyonlinelibrary.com]
3.3 | Effects of nanomaterial morphology
on SERS detection

It is known that the morphology of nanoparticles and
their aggregation state affects the SERS response.[31] This
was verified by studying the SERS spectra of acrylfentanyl
and benzylfentanyl at a concentration of 10 ng/ml utiliz-
ing both Au/Ag nanospheres and Au/Ag nanostars. The
spectra presented in Figure S2 demonstrates the superior-
ity of the spiked morphology in producing a SERS
enhancement with λexc 785 nm. For both analogs, this is
reflected in an improved spectral quality and a higher
signal‐to‐noise ratio. Moreover, the intensity of the
characteristic band at 1,004 cm−1 was 4.36 times
(benzylfentanyl) and 1.73 times (acrylfentanyl) higher
when using the Au/Ag nanostars than that obtained with
the Au/Ag nanospheres. In the case of benzylfentanyl,
the use of nanostars facilitated the observation of bands
at 1,158 and 832 cm−1, which were otherwise undetect-
able. Hence, the Au/Ag nanostars were used exclusively
to detect the rest of fentanyl analogs in this study.
3.4 | Raman and SERS spectra of fentanyl
analogs

Figures 2, 3a–f, and 4, as well as Table 1 show the charac-
teristic bands in Raman, SERS, and DFT‐simulated spec-
tra. These figures and this table illustrate the differences
between the simulated spectra and the NR spectra for
each fentanyl analog in terms of wavenumber shifts and
relative intensities. The main differences between the
NR and the SERS spectra consisted of changes in intensi-
ties rather than in shifts in wavenumbers. We tried solu-
tion tests with NR; however, the highest concentrations
we could prepare were 500 μg/ml of morphine and
50 μg/ml of fentanyl. Even these concentrations did not
provide spectra.

The seven fentanyl analogs were characterized by an
ensemble of bands at 1,620–1,580 cm−1. In the
Raman spectra, butyrylfentanyl, parafluorofentanyl, and
furanylfentanyl produced two bands, whereas fentanyl,
benzylfentanyl, acetylfentanyl, and acrylfentanyl

http://wileyonlinelibrary.com


FIGURE 3 Calculated and experimental spectra of six fentanyl analogs [Colour figure can be viewed at wileyonlinelibrary.com]
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produced three bands. However, in the SERS spectra for
these compounds, the band at the highest frequency
(~1,650 cm−1) was absent, and the two remaining bands
appeared at ~1,600 and 1,580 cm−1. This spectral pattern
was shown by all analogs, except for acrylfentanyl, which
retained a higher frequency shoulder at 1,634 cm−1.

In the region from 1,550 to 1,350 cm−1, all tested com-
pounds except furanylfentanyl showed multiple weak
bands in their NR spectra. Furanylfentanyl instead had
its most intense band in this region (1,472 cm−1), along
with a weak band at 1,388 cm−1. This was also observed
in the SERS spectrum of furanylfentanyl. However, the
remaining analogs exhibited an SERS profile in this
region that was not characterized by resolved
bands. Instead, a broad and weak band centered at
~1,444 cm−1 was observed. This broad band showed a

http://wileyonlinelibrary.com


FIGURE 4 Comparison of Raman and surface‐enhanced Raman spectroscopy spectra of seven fentanyl analogs [Colour figure can be

viewed at wileyonlinelibrary.com]
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shoulder at 1,470 cm−1 in the parafluorofentanyl SERS
spectrum, whereas two overlapping bands at 1,454 and
1,466 cm−1 appeared in the benzylfentanyl SERS
spectrum.

In the range from 1,350 to 1,050 cm−1, medium and
weak Raman bands were observed, the intensities of which
was much weaker in the respective SERS profiles. All fen-
tanyl analogs displayed bands at 1,184 and 1,158 cm−1

whereas benzylfentanyl had an additional weak band at
1,212 cm−1. The other six fentanyl analogs were character-
ized by an additional band at 1,204 cm−1. Acrylfentanyl
had a triple band at 1,310, 1,278, and 1,244 cm−1.

Two characteristic bands of fentanyl‐related com-
pounds were observed at ~1,004 and 1,030 cm−1 in both
Raman and SERS spectra. Moreover, the first characteris-
tic band exhibited a shoulder at 970 cm−1 in fentanyl, at
978 cm−1 in acrylfentanyl and at 980 cm−1 in
butyrylfentanyl.

From 950 to 400 cm−1, the fentanyl analogs had many
weak and very weak bands in both SERS and Raman
spectra. Weak bands appeared at ~832 and ~620 cm−1.
Only para‐fluorofentanyl had a very strong band at
824 cm−1. Furanylfentanyl had weak bands at 866 and
700 cm−1; acrylfentanyl, acetylfentanyl, fentanyl, and
benzylfentanyl had a band at 746 cm−1. Acetylfentanyl
had a very weak band at 660 cm−1, and acrylfentanyl
had one at 646 cm−1. A table summarizing the
characteristic bands for all fentanyl analogs is given in
the supplementary information (Table S1).
3.5 | Vibrational characterization

Fentanyl analogs have two monosubstituted benzene
rings, B1 and B2. These are located at the two ends of
the molecules and therefore do not interact with each
other.[16] The aromatic ring B1 connects to Cα, acting as
a benzyl group. The N2 atom is connected to a pip ring,
another benzyl ring B2, forming an aniline group, and
to a carbonyl functional group, forming an amide. The
selected fentanyl analogs had similar chemical structures,
so their Raman and SERS spectra exhibited many similar-
ities. We compared the NR with the DFT‐simulated and
with the SERS spectra, in particular, the bands at ~622,
~832, ~1,004, ~1,034, ~1,160, ~1,174, ~1,206, ~1,440–
1,460, ~1,582–1602 cm−1, and assigned vibrational
frequencies.

First, we compared the results of the NR spectra of
solid samples with the simulated spectra (Table 1). The
ring C═C stretches from two monosubstituted aromatic
rings, B1 and B2, contributed to the strongest band at
~1,004 cm−1 in both NR and SERS spectra for all seven
fentanyl analogs. This band can be used to distinguish
the fentanyl analogs from common opiates, for example,
morphine, hydrocodone, hydromorphone, oxycodone,
heroin, codeine, and thebaine. The other characteristic
band, ~1,034 cm−1 in NR spectra and ~1,030 cm−1 in
SERS spectra, was also observed in all seven fentanyl ana-
logs. This band was the result of different vibration
modes for each fentanyl analog (Table 1). For fentanyl,
benzylfentanyl, acrylfentanyl, parafluorofentanyl, and
furanylfentanyl, this band was the result of C═C stretches
and C–H bends in the aromatic rings. As for
butyrylfentanyl, the band was assigned to the C–C–C
stretch of the side chain in the amide group. In the NR
spectrum, this band was shifted to a slightly lower wave-
number and had medium intensity. Acetylfentanyl has
only one carbon in the side chain of the amide group,
and the strong band at ~1,030 cm−1 is the result of a C–
C stretch in the pip ring.

At high wavenumbers, all seven fentanyl analogs had
a double band at ~1,586 and 1,602 cm−1 due to a C═C

http://wileyonlinelibrary.com
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stretch of the aromatic rings. In addition to this double
band, butyrylfentanyl had a CH2 twist at the Cα and Cβ

atoms, and furanylfentanyl had extra in‐plane bending
of C–H groups for both the furane and pip rings. Theoret-
ically, the C═C stretch of the aromatic rings can also
produce a moderate band at ~1,450 cm−1. Fentanyl
analogs had other bands in this region, which were found
to be related to the C–H in‐plane bend in B1
(parafluorofentanyl), the CH2 scissoring in pip (fentanyl,
acetylfentanyl, parafluorofentanyl, and acrylfentanyl),
the CH2 twist at Cα (benzylfentanyl), the CH2 scissoring
at Cα (acrylfentanyl), the CH2 scissoring at Cβ

(parafluorofentanyl), and the CH3 in‐plane bend from
the amide group (acetylfentanyl, parafluorofentanyl, and
butyrylfentanyl). Furanylfentanyl had a very strong band
at 1,472 cm−1 due to the C═C stretch in the furane ring,
and the other six analogs had a weak to moderate band
at ~1,460 cm−1 in NR spectra, due to the CH2 scissoring
in the pip ring. Fentanyl analogs had three bands in the
region of 1,220–1,170 cm−1. These three bands were
mainly due to the CH2 out‐of‐plane bend in the pip ring,
Cα and Cβ, as well as the stretch of N‐alkyl chain
(butyrylfentanyl, fentanyl, and parafluorofentanyl), the
stretch of amide side chain (acrylfentanyl), and the bend
of pip‐amide‐furane group (furanylfentanyl). At low
wavenumbers, the band at ~832 cm−1 was related to
the stretch of the N‐alkyl chain (fentanyl, acrylfentanyl,
and butyrylfentanyl), the rocking of CH2 in pip
(benzylfentanyl, acetylfentanyl, and acrylfentanyl), the
in‐plane bend of C–C–C in pip (acrylfentanyl), and the
ring breathing of B1 (acetylfentanyl). This strong band
was shifted at ~824 cm−1 for parafluorofentanyl and was
assigned to the out‐of‐plane bending of CH in B2 and
the in‐plane bending of the amide side chain. This band
was absent in furanylfentanyl, which showed instead a
weak band at 886 cm−1, assigned to the complex in‐plane
bending of CB2‐N2‐Cε‐Cfurane and CB2‐N2‐Cpip, as well as
FIGURE 5 2‐D principle component analysis plots showed the sep

analytes' spectra of 3,278–200 cm−1. Right: analytes' spectra of 1,700–40
to the out‐of‐plane bending of CH in B2. The band at
~620 cm−1 appeared in all fentanyl analogs and was due
to the in‐plane ring bending of either B1 or B2 or both.

Next, we compared the bands of the seven fentanyl
analogs in the SERS spectra (Figure 4). The SERS spectra
exhibited a smaller number of bands than the NR spectra.
The previously designated fentanyl marker band at
~1,004 cm−1 was observed for all analogs. Butyrylfentanyl
was the only analog that did not have a weak band at
~746 cm−1, whereas para‐fluorofentanyl had it shifted at
824 cm−1 and higher in intensity because of the presence
of a fluorine on B2. Furanylfentanyl had an additional
strong band at 1,468 cm−1 due to the presence of the
furane ring. Interestingly, the double band at 1,602 and
1,586 cm−1 was observed to have a higher intensity on
the component at 1,602 cm−1, except for benzylfentanyl,
in which the intensities of the two components were
much closer to one another. This analog also had a wide
band, which shifted from 1,442 cm−1 to 1,454 cm−1.
Acrylfentanyl had a C═C bond in the amide group, and
its in‐plane bending contributed to a moderate band at
1,357 cm−1 in the DFT spectra. It also gave a weak triple
band at 1,310, 1,278, and 1,224 cm−1 in the SERS spec-
trum, with a medium intensity band at 1,276 cm−1.
Acetylfentanyl only had a methyl group in the amide side
chain; therefore, it had a N2‐Cε‐C1 stretch and a CH3

rocking to yield a band at 652 cm−1 in the NR spectrum
and at 660 cm−1 in the SERS spectrum.
3.6 | Statistical analysis

Thirteen SERS spectra from standard solutions were
measured over a range of 3,278–200 cm−1 and 1,700–
400 cm−1. Data processing was performed using SPSS ver-
sion 20. The PCA results are shown in Figure 5. To study
the distinguishability of PC1 and PC2, descriptive
aration of data based on different classed of drugs of abuse. Left:

0 cm−1 [Colour figure can be viewed at wileyonlinelibrary.com]
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statistics, independent‐sample T tests, and nonparametric
Mann–Whitney U test were used. Thirteen samples were
separated into two groups of fentanyl analogs and
nonfentanyl analogs.

In the range of 3,278–200 cm−1, the PC1 of both
groups displayed normal distributions (Shapiro–Wilk test,
fentanyl. Sig = 0.089, nonfentanyl. Sig = 0.089), and they
did not have unequal variance (Levene's test, F = 0.224,
Sig. = 0.645). Therefore, the PC1 of fentanyl analogs
(0.86 ± 0.04) was higher than nonfentanyl drugs'
(0.48 ± 0.05); the difference value was 0.38 (95% CI
[0.32, 0.43]). According to t test (t = 16.60 and
P < .0005), PC1 can distinguish the groups of fentanyl
analogs and nonfentanyl drugs. As for PC2, this group
of fentanyl analogs displayed a non‐normal distribution
(Shapiro–Wilk test, Sig = 0.001), whereas the nonfentanyl
drugs showed some outliers due to morphine (Shapiro–
Wilk test, Sig = 0.057). A Mann–Whitney U test was
applied to determine if there were differences in PC2
between fentanyls and nonfentanyls. The results showed
that the median PC2 for fentanyls (0.46) and nonfentanyl
(0.86) were statistically significantly different (U = 2,
Z = −2.714, 0.005). In the range of 1,700–400 cm−1, PC1
in the fentanyl analogs group displayed a non‐normal dis-
tribution (Shapiro–Wilk test, Sig = 0.018), and the
nonfentanyl drugs showed a normal distribution. A
Mann–Whitney U test was applied to confirm that PC1
had differences between fentanyls and nonfentanyls.
The median PC2 for fentanyls (0.94) and nonfentanyl
(0.31) was statistically significantly different, U = 2,
Z = −2.714, 0.005 using an exact sampling distribution
for U. The PC2 of both groups displayed normal
distributions (Shapiro–Wilk test, fentanyl. Sig = 0.357,
nonfentanyl. Sig = 0.138), and they did show unequal
variance (Levene's test, F = 1.836, Sig. = 0.203). There-
fore, PC2 of fentanyl analogs (0.03 ± 0.15) was lower than
nonfentanyl drugs' (0.67 ± 0.22), and the difference value
was −0.64 (95% CI [−0.87, −0.42). According to t test,
t = −6.235 and P < 0.0005, PC2 can distinguish between
the groups of fentanyl analogs and nonfentanyl drugs.
Therefore, the PC1 and PC2 loadings revealed that
fentanyl analogs and nonfentanyl drugs can be
distinguished by SERS spectra.
4 | CONCLUSIONS

We have examined fentanyl and its six analogs using
geometrical optimization and calculation of vibrational
frequencies and Raman activities within DFT at the
wB97XD/cc‐pVTZ level. The assignment of the Raman
and SERS vibrational bands of fentanyl analogs was
accomplished based on these theoretical calculations.
Our results demonstrate that NR spectroscopy can be
useful in the identification of crystalline fentanyl
analogs, whereas SERS can detect a lower concentration
of fentanyl analogs in solution. The PCA results
demonstrate the capability of Raman spectroscopy and
SERS to distinguish and characterize a variety of
fentanyl analogs.
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