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Energetics of high temperature degradation of
fentanyl into primary and secondary products†
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Fentanyl is a synthetic opioid used for managing chronic pain. Due to its higher potency (50–100�) than

morphine, fentanyl is also an abused drug. A sensor that could detect illicit fentanyl by identifying its

thermally degraded fragments would be helpful to law enforcement. While experimental studies have

probed the thermal degradation of fentanyl, little theoretical work has been done to understand the

mechanism. Here, we studied the thermal degradation pathways of fentanyl using extensive ab initio

molecular dynamics simulations combined with enhanced sampling via multiple-walker metadynamics.

We calculated the free energy profile for each bond suggested earlier as a potential degradation point to

map the thermodynamic driving forces. We also estimated the forward attempt rate of each bond

degradation reaction to gain information about degradation kinetics.

1 Introduction

Fentanyl is a powerful synthetic opioid drug used to relieve and
manage severe pain. Fentanyl was first synthesized in Belgium
in the 1950s and introduced to the USA in 1968 for medical
purposes.1 Fentanyl is often used to treat patients with chronic
pain, such as cancer patients and those who are physically
intolerant to other opioids.2 Due to its high potential for abuse
and addiction, fentanyl is classified as a Schedule II controlled
drug. Fentanyl addiction has become an increasing problem
due to its 50–100 times higher potency compared to morphine.3

Not only is fentanyl in high demand in the market, but so are
its derivatives.4 As an abused drug, fentanyl can be taken
through injection, ingestion, and inhalation.5 Fentanyl poses
a threat to homeland security as well as law enforcement
personnel because involuntary exposure can cause severe
health problems or even death.6

Rapid and accurate detection of illicit fentanyl and its
various analogs is an ongoing challenge. Detection may be

focused on the degradation of fentanyl and its analogs. Differ-
ent degradation approaches are known to exist for fentanyl,
including thermal degradation,3,7,8 oxidative degradation,8 acid
treatment, and base treatment.9 Out of all those approaches,
thermal degradation is the most studied mode of fentanyl
decomposition because it occurs more rapidly and efficiently.
In addition to destroying the molecule and aiding in the
detection of illicit fentanyl, this degradation method is also
important due to the interest in thermally generated aerosols
for efficient drug delivery.10

A probe that could detect fentanyl from thermally degraded
fragments would be a helpful new tool for managing illicit
fentanyl. Our goal here is to understand the mechanisms of
fentanyl thermal degradation to facilitate the development of
such a probe.

Fentanyl decomposes into different products, depending on
the degradation processes. A degradation study done under acidic
conditions reported that fentanyl degraded to N-phenylpropi-
onamide.8 While fentanyl remains stable under light, oxidation
with hydrogen peroxide produces fentanyl N-oxide.8 Thermally,
fentanyl can be degraded into several compounds under high
temperatures in a short period of time.11 This degradation
method was found to be efficient at destroying the compound.
The application of heat also leads to the formation of different
products, which can be toxic. To avoid the formation of toxic
products, it is important to understand the stability of fentanyl at
different temperatures and the energetics for the decomposition
of fentanyl. To address those issues, here we studied the thermal
decomposition pathways of fentanyl using free energy methods.

The thermal decomposition of fentanyl has been studied,
especially the pyrolysis of fentanyl and its derivatives
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(Fig. 1 and Table 1). The study by Manral, et al. focused on the
toxicity and degradation of fentanyl under elevated temperatures.7

They observed that a high temperature of 750 1C may lead to some
toxic compounds, including hydrogen cyanide.7 They also
reported that the aerosol generated by heating fentanyl powder
on a hot plate is B70% pure, suggesting that B30% degraded to
other compounds. This result indicates that the duration of heat
exposure also plays an active role in degradation.

Manral et al.7 and Rabinowitz et al.11 reported that the
parent fentanyl was stable up to 350 1C, as suggested by a
single peak in their gas chromatography–mass spectrometry
(GC–MS) experiments. Two peaks appeared when the temperature
was increased to 500 1C, with degradants identified as
propionanilide(PRP) and phenylethyl piperidine (PEP), which
often undergoes further chemical modification into phenylethyl
pyridinium. Further increasing the temperature to 750 1C pro-
duced several peaks because the primary degradantPEP was
further degraded. The secondary degradation of the fragment
PRP has not been reported yet in prior studies to the best of our
knowledge. However, the secondary degradation of PEP under
high temperature remains unexplained. Nishikawa12 used fenta-
nyl, and HCl as a salt, and observed benzylchloride as a degradant
at 750 1C under aerobic conditions. Garg et al. heated the fentanyl
powder for 5 min under 750 1C and observed its degradation into
two known products, propionanilide and norfentanyl,8 and three
unknown degradants that were identified as PEP derivatives.

Nishikawa et al. reported the detection of fentanyl degrada-
tion under both aerobic and anaerobic conditions at 750 1C.3

The fragments produced are propionanilide and norfentanyl
under both conditions.3 Other degradation studies by Lambro-
poulos et al.9 and Garg et al.8 reported that despropionyl
fentanyl was formed under aerobic conditions. Other research-
ers reported similar patterns of fentanyl degradation, but not
all agree on the secondary degradation of PEP. The breaking
of the B4 bond (Fig. 1) gives rise to propionanilide and PEP.
While some studies reported the formation of PEP under low
temperature, its charged state was not explained well by the
prior studies. Nishikawa did not see PEP as a degradant while
Manral et al. observed PEP at 500 1C and Garg et al. observed
PEP as a degradant.8

Pyridine is also one of the common products observed
during thermal degradation. The formation of pyridine was
explained by the initial formation of free radicals during
elimination cleaving at bonds B4 and B5, as explained by
Nishikawa et al.3 However, Manral et al. explained it as the
dehydrogenation of the unsaturated piperidine ring of PEP
after the secondary degradation of bond (B5). The presence of
a double bond in the piperidine ring of PEP facilitated the
dehydrogenation of the molecule to form pyridine.8

All studies carried out so far showed that the potential
degradation mechanism starts from the bond that is linked
with a nitrogen (N) atom3,7,8,11 However, the cause of bond
breaking and the energetics for the bond breaking have not
been studied so far. Also, no data have been reported about the
degradation of bond B3 made by the N atom. A recent review of
fentanyl suggests the need for extending the theoretical work
on the fentanyl degradation mechanism.10 Here, we explore the
free energies and kinetics for bond breaking via extensive
ab initio molecular dynamics (AIMD) simulations and free
energy calculations.

2 Materials and methods
2.1 Pyrolysis

Fentanyl certified standards (1 mg mL�1) were procured from
Cerilliant (F-013-1ML, Round Rock, TX). Fentanyl in 10 mg
volumes was flash pyrolyzed with a Gerstel (Mülheim an der
Ruhr, Germany) multi-functional pyrolysis (MPS) system con-
nected to a comprehensive two-dimensional gas chromato-
graph with high-resolution time-of-flight mass spectrometry
(GCxGC-HRMS) from LECO Corporation (Pegasus GC-HRT+
4D, St. Joseph, MI) with a 10 m length of 0.1 mm DB-WAX
capillary column with a 0.2 mm film thickness primary column
and a 2 m length of 0.1 mm DB-1 capillary column with a
0.1 mm film thickness both from Agilent (Santa Clara, CA)
secondary column installed. The system uses a liquid nitrogen
cooled thermal modulator. The temperature of primary column
was initially held at 40 1C for 2 minutes and then ramped at
5 1C min�1 to 225 1C and held here for 4 minutes. The transfer
line was held at 275 1C, the electron impact ionization source
was set to 70 eV, the source temperature was set to 250 1C.

Fig. 1 Fentanyl and some of its commonly observed thermal degradation
products. Double asterisk (**) applies to observations made under anae-
robic conditions. Table 1 lists compounds formed from the breaking of
specific bonds, labeled here as B1–B6. Arrows identify fragments formed
from breaking bond B4.

Table 1 Commonly observed fentanyl thermal degradation fragments

Fragment name Bond

Despropionyl fentanyl B2
Propionanilide-(PRP) B4
Phenylethyl piperidine-(PEP) B4
Norfentanyl B5
Pyridine B4 and B5
Benzyl-X B6
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The scan rate for the MS was set to 24 Hz and the mass range
was set to 16 to 350 amu. Pyrolysis was performed with a 50 1C
initial temperature, and ramped at 260 1C s�1 to two different
final, one-minute holds of 500 and 700 1C. The pyrolysis
products were cryo-refocused on a Gerstel CIS inlet held at
�100 1C. This inlet was heated at 12 1C s�1 to 300 1C to desorb
the pyrolysis products into the mobile phase flow path. This
temperature was maintained for the duration of the analytical
run. Summed peak area percentages of fentanyl fragments were
extracted from GCxGC-HRMS raw data. Each temperature con-
dition was analyzed independently. The summed peak area
percentages were then averaged by temperature condition.
GCxGC-HRMS fentanyl fragment peaks were verified via reten-
tion time and visually on the chromatogram.

2.2 AIMD simulations

AIMD simulations were performed using the Quickstep13 mod-
ule of the CP2K software package,14 which performs density
functional theory (DFT) calculations with the Gaussian and
plane waves method (GPW). The PBE (Perdew–Burke–Ernzer-
hof) generalized gradient approximation15 was used for the
exchange–correlation functional in the DFT calculations.
Wavefunction optimization at each self-consistent field (SCF)
step was performed with the orbital transformation method16

and direct inversion in the iterative subspace method. The
optimized double-zeta basis set (DZVP-MOLOPT) was applied
to all the atoms together with the Goedecker–Teter–Hutter
(GTH) pseudopotentials.17–20 The geometry of each system
was optimized using a conjugate gradient algorithm before
running the MD simulation. A time step of 0.5 fs was chosen for
dynamics. A Nose–Hoover thermostat was used to keep the
temperature constant at 1273 K. The higher temperature com-
pared to experiments was chosen to accelerate the dynamics
due to the limited time scale of the simulations in the ps range.
All simulations were run in a constant rectangular cell of
dimensions 30 Å � 30 Å � 30 Å. The electrostatic potential
(ESP) of the atomic partial charges on the atoms was computed
using the Breneman model, which reproduces the molecular
electrostatic potential. This model was implemented in Q-Chem21

as the CHELPG (Charge Extrapolation using the Lagrange Points
Grid) method to compute the partial charges.22 We first opti-
mized the structure using the VDZ (Valence-Double-Zeta) basis
set and the PBE (Perdew–Burke–Ernzerhof) generalized gradi-
ent approximation15 for the exchange–correlation functional in
the DFT calculations, followed by a single point calculation.

2.3 Free energy calculations

Free energy calculations were performed with CP2K together
with the PLUMED plugin.23,24 To compute the free energy of
bond breaking at selected bonds, we first used steered MD with
the bond length (d) as the collective variable (CV, also known as a
reaction coordinate). A spring constant of 1 000 000 kJ mol�1 nm�2

was used for the time-dependent harmonic restraint potential that
linearly increases the bond length up to B5.5 Å. After running the
steered CV simulation, 10 configurations were chosen at uniform
intervals along the bond CV and equilibrated for 0.5 ps while

holding each bond length fixed with a fixed harmonic potential. We
used these 10 configurations to run multiple-walker well-tempered
metadynamics to compute the free energy.25,26 In the metady-
namics runs, the simulations are biased with a time-dependent
(t) potential of the form,

Vðd; tÞ ¼
Xt 0o t

t 0
W exp �Vðd; t

0Þ
kBDT

� �
exp �ðd � d t 0ð ÞÞ2

2s2

� �
; (1)

where W and s are the height and width of the added Gaussian
hills, respectively. Variable DT is a fictitious maximum increase in
temperature that ensures convergence by limiting the extent of the
free energy exploration. At long timescales, the unbiased free
energy, G(d), can be recovered from

Vðd; t!1Þ ¼ � DT
T þ DT

GðdÞ þ C; (2)

where C is an immaterial constant. The value of DT is set by the

‘bias factor’ parameter, B ¼ T þ DT
T

, and the frequency of addition

of Gaussian hills is determined by a fixed deposition rate, o. The
same values of s = 0.01 Å, B = 15, W = 5.3 kJ mol�1, and o = 30 fs
were used for all free energy calculations. All walkers were then
simultaneously run for 415 ps each using well-tempered metady-
namics. Therefore, the combined simulation time to obtain each
free energy surface was 4150 ps (10 walkers� 15 ps). Convergence
of the free energy profiles was monitored by computing the
difference between the minimum (Gmin, at the equilibrium bond
length) and the maximum (Gmax, at the transition barrier) free
energy values in 2 ps intervals (per walker). All figures were plotted
using the Matplotlib library.27

3 Results and discussion
3.1 Degradation pathways of parent fentanyl

We initially focus on exploring the different degradation path-
ways of fentanyl by characterizing the free energy required for
breaking specific bonds of interest. We choose four (4) different
bonds in the vicinity of the two N atoms in fentanyl. Previous
experimental pyrolytic studies3,7,8 determined that fragmenta-
tion is most likely at the N–C bonds, particularly near the
piperidine ring.

We compute the free energy of bond breaking in ab initio
molecular dynamics (AIMD) simulations by stretching a parti-
cular bond using a steered harmonic potential until the atoms
are no longer bonded, followed by a well-tempered metady-
namics simulation (see Methods). We estimate the free ener-
gies of bond breaking through metadynamics as it includes
important entropic effects28,29 and efficient configurational
sampling in contrast to the more conventionally used relaxed
scanning of the potential energy surface. Since fentanyl is
reported to be photostable,30 we have only studied the ground
electronic state. Note that each bond breaking reaction is
characterized by an energy saddle with a maximum energy
barrier at the transition state.

Fig. 2(A) shows the free energy profiles of bond breaking for
the four selected N–C bonds of fentanyl (B2 through B5). The
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lowest free energy barrier is for B4 (shown in blue), with a value
of B 105 kJ mol�1 at 1000 1C. This result suggests that the most
likely primary degradation products of the parent fentanyl
are propionanilide (PRP) and phenylethyl piperidine (PEP).
This pathway (Fig. 1) is in agreement with previous experi-
mental studies that show the occurrence of these degradation
products.3,7,8

In contrast to the low energy barrier observed for B4, the
energy required to break the bonds at B2 and B3 is much
higher, with barriers of 195 and 212 kJ mol�1 respectively
(Fig. 2(A)). These two bonds have significantly higher energy
despite also being N–C bonds and being connected to the same
nitrogen atom. The degradation of bond B2 gives rise to
despropionyl fentanyl, which has been observed in pyrolytic
studies. Earlier studies have not reported any products that
arise from the degradation of B3. The higher energy needed to
break bonds B2 and B3 is also reflected by the larger bond
length associated with the barrier.

Bond B5, involving the second nitrogen atom in fentanyl,
shows a high barrier (186 kJ mol�1), similar to B2 and B3.
Breaking of fentanyl at B5 results in norfentanyl, which has also
been observed in pyrolytic studies.8

In addition to the N–C bonds, we also studied two nearby
C–C bonds at B1 and B6 for comparison (Fig. 2(B)). Degradation
at B6 has been observed in previous studies.10,12 Nishikawa
reported that breaking at B6 gives rise to benzyl-X,12 where the
halide ion, X, is Cl� in this case. The energy barriers for
degradation at B1 (219 kJ mol�1) and B6 (166 kJ mol�1) are of
the same order of magnitude as the other N–C bonds (Fig. 2(B)).

Results thus far reported in earlier experimental studies for
fentanyl degradation, as well as our experimental findings

reported here, show that the primary degradation path leads
to the formation of PEP (Table 2). Those experimental works
show that a high rate of increase in temperature requires less
exposure (1 min) in order to degrade the parent fentanyl. We
have increased the temperature to 500 1C and 700 1C, and find
the same primary fragments, along with evidence of secondary
degradation of the primary fragments (see Table S1 and Fig. S1
in the ESI†).

Our free energy calculations predict that the N–C bond has
the lowest free energy and, therefore, it would be the most likely
one to break (Fig. 2). Previous experiments and our own GC–
MS results show that fentanyl breaks into PEP and PRP
under heating, in agreement with our free energy predictions.
However, experiments also predict formation of other smaller
fragments while our energetics of primary degradation suggest
that the formation of those fragments would have high ener-
gies. Therefore, the molecule may be forming these smaller
fragments through secondary degradation processes. To gain
more insight about these experimental results, we explored
this secondary degradation reaction, as reported in the follow-
ing section.

3.2 Secondary degradation of fentanyl

In the previous section, we described our investigations of the
primary degradation of the parent fentanyl at various bonds
within the molecule. However, our free energy calculations do
not provide a complete picture because these primary products
may further degrade into secondary ones, as suggested by
experiments. To address that possibility, we explore secondary
degradation of the PEP primary product through a similar
approach as taken before. Assuming that both the N and C
atoms around B4 take one unpaired electron during the break-
ing of this bond in the parent fentanyl molecule, the resulting
PEP-like fragment will be a negatively-charged free radical
(Fig. 3). This charged free-radical state may have important
consequences on the overall stability of the molecule and,
therefore, degradation may happen more readily compared to
the parent fentanyl.

Calculation of the partial charges (see Methods) for atoms
near the nitrogen for each of the secondary reactants shows
significant variation, not only in the atoms of the pyridine ring,
but also along the atoms between the B50 and B60 bonds

Fig. 2 Free energy profiles of bond breaking in fentanyl predicted by
enhanced sampling ab initio simulations (1000 1C). Free energy is esti-
mated using well-tempered metadynamics with the bond distance
between atoms as the reaction coordinate. Panel A shows bonds between
N and C atoms, while panel B shows neighboring C–C bonds for
comparison.

Table 2 Experimentally observed fentanyl degradation products

Ref. Rate
Exposure
time

Final
T (1C) Fragments

Nishikawa3 20 1C s�1 10 s 750 PRP and X*
Garga8 — 5 min 350 PRP, NRF and PEP derivatives
Manral7 — — 500 PRP and PEP
Manral7 — — 750 PRP derivatives
This work 260 1C s�1 1 min 500 PRP, PEP derivatives
This work 260 1C s�1 1 min 700 PRP, PEP derivatives

PRP = propionanilide; X* = benzylaldehyde, despropionyl fentanyl,
pyridine, styrene; NRF = norfentanyl; PEP = phenylethyl piperidine
and/or phenylethyl pyridinium. a Garg observed fentanyl degrade to
despropionyl fentanyl under acidic conditions.
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(Fig. 3). The B�1 charge on the carbon opposite to the N in the
ring indicates that the unpaired electron is localized at this
atom in the free-radical anion (X1).

We estimate the free energy profile for degradation of the
free radical PEP-like anion (X1) at bonds 5 and 6, labeled as B50

and B60 to avoid confusion (Fig. 3). In addition to the free
radical reactant, we also estimate the free energy of breaking
bonds B50 and B60 in two possible neutral reactants: (1) after
the further loss of a proton in the pyridine ring to form a C–C
double bond (labeled X2 in Fig. 3), and (2) after acquiring a
proton to neutralize the charged free radical (labeled X3 in
Fig. 3). Our experimental results show that the primary degra-
dation produces PEP-like products under both 500 1C and
700 1C. These primary degradation products then undergo

secondary degradation to produce other fragments, such as
toluene and pyridine (see Methods for detailed experimental
setup and ESI† for more experimental results).

We find that the free energy for breaking the bonds at B50

(Fig. 4(A)) and B60 (Fig. 4(B)) remains practically unchanged for
the neutral PEP-like reactants compared to the parent fentanyl
(black dashed lines). In contrast, the free energy barrier for
breaking B50 and B60 for the PEP-like free radical anion is
significantly lower than the free energy of degradation of these
same bonds in the parent fentanyl (Fig. 4). These results
suggest that, once the parent fentanyl degrades, the secondary
degradation most likely happens in the charged free radical
state. The lower free energy barriers for breaking the PEP-like
free radical molecule at B50 and B60 would facilitate the
formation of compounds, such as toluene and pyridine,
through secondary degradation processes.

3.3 Estimated kinetics from attempt rates

Capturing rare events that describe the entire kinetics of bond
breaking may not be possible. Also, computational expense
may prohibit computation of transitions between the reactant
and product states. To overcome those challenges, we estimate
the kinetics of the bond breaking on the basis of the free energy
barrier at the transition state and dissociation time. We use an
Arrhenius–Bell model to estimate the forward attempt rate,
which refers to the probability of reactants crossing the free
energy barrier.31,32 The attempt rate can be estimated using

kf ¼
1

tD
exp

�DGy
kBT

� �
; (3)

Fig. 3 Three possible chemical configurations are considered for sec-
ondary degradation based on the bonding of the pyridine ring: (1) a
negatively charged free radical (X1), (2) neutral, with a double bond to
one of the adjacent C (X2), and (3) neutral, with a single bond to the
adjacent C (X3). The number of H atoms were adjusted in cases 2 and
3 to match the type of C–C bond. Partial charges obtained with the
CHELPG method from a single point calculation after energy minimization
are shown for selected atoms near the pyridine ring for each structure
(see Methods).

Fig. 4 Free energy profiles of secondary degradation in the PEP-like fentanyl
fragments at 1000 1C. Panel A shows data for bond breaking between N and
C atoms (B50), while panel B shows data for bond breaking at the neighboring
C–C bond (B60). Dashed lines show the maximum free energy barrier
observed for the same bond during primary degradation in the parent
fentanyl molecule. Free energy was estimated using well-tempered metady-
namics, with the bond distance between atoms as the reaction coordinate.
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where tD is the diffusive relaxation time, DG† is the difference in
free energy between reactants and the transition state, kB is the
Boltzmann constant and T is the temperature. The diffusive
relaxation time is the inverse of the bond vibrational frequency
and it is computed by quantifying the temporal variations in
bond distances during the equilibrium (unbiased) simulations.
We used Fourier analysis to extract the frequencies associated
with these bond fluctuations.33The forward attempt rate, kf,
depends on the spontaneous dissociation rate and on the
difference in the free energy between the two states (reactant
and transition states). Since kf is exponentially related to the
free energy difference, as shown in eqn (3), even a small change
in free energy changes kf significantly. We calculate the ratio of
the forward attempt rate of all bonds to the forward attempt rate
of B4 (kf/kf(B4)) to estimate the likelihood of bond breaking.
Bonds B3 and B1 are less likely to break, followed by B5, B2
and B6. Bonds B50 and B60 are more likely to break in the
negative charged state (Table 3).

4 Conclusion

We have elucidated the degradation pathway followed by the
parent fentanyl, as well as by the primary degradant (PEP),
through free energy calculations and GC–MS experiment. The
theoretical results provide additional insights that support the
appearance of both primary and secondary degradation pro-
ducts experimentally. Specifically, the predicted free energy
pathway for fentanyl degradation shows that the bond formed
by nitrogen, outside the pyridine ring, to the nearest carbon in
the pyridine ring (bond B4) is the primary site for initial
bond breaking. That bond has the lowest free energy barrier,
105 kJ mol�1, suggesting this bond breaks more easily than the
others, which agrees with prior experimental observations.3,7,8

Comparing free energy barriers, the ease of bond breaking
follows this order: B4, B6 (166 kJ mol�1), B5 (186 kJ mol�1),
B2 (195 kJ mol�1), B3 (212 kJ mol�1) and B1 (219 kJ mol�1).

While the secondary degradation of fentanyl was observed
earlier in experiments, the pathway was not examined. To gain
insight into the secondary degradation, we studied PEP in three
different structures: two in neutral conditions that differ by
bonding between adjacent carbons, and one in a free radical
negatively charged state. Based on our calculations of free
energy, we find that the secondary degradation reaction likely
only happens in the PEP-like free radical anion. The free energy

barrier for breaking bonds B50 and B60 in this free radical are
93 kJ mol�1 and 114 kJ mol�1, respectively.

The results of our theoretical and experimental investigation
support the degradation pathways reported by earlier experi-
ments. By providing the first free energy analysis of both
primary and secondary degradation pathways, this work also
identifies probable bond-breaking sites and resulting products.
This work lays the foundation for future studies of the thermal
degradation pathways of fentanyl analogues, such as furanyl
fentanyl and acetyl fentanyl.
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