
R E S E A R CH A R T I C L E

Comparison of in-source collision-induced dissociation and
beam-type collision-induced dissociation of emerging synthetic
drugs using a high-resolution quadrupole time-of-flight mass
spectrometer

J. Tyler Davidson1,3 | Zachary J. Sasiene2 | Glen P. Jackson1,2

1Department of Forensic and Investigative

Science, West Virginia University,

Morgantown, West Virginia, USA

2C. Eugene Bennett Department of Chemistry,

West Virginia University, Morgantown, West

Virginia, USA

3Department of Forensic Science, Sam

Houston State University, Huntsville,

Texas, USA

Correspondence

Glen P. Jackson, Department of Forensic and

Investigative Science, West Virginia University,

Morgantown, WV 26506-6121, USA.

Email: glen.jackson@mail.wvu.edu

Funding information

National Institute of Justice, Office of Justice

Programs, and U.S. Department of Justice,

Grant/Award Number: 2018-75-CX-0033

Abstract

In-source collision-induced dissociation (CID) is commonly used with single-stage

high-resolution mass spectrometers to gather both a molecular formula and structural

information through the collisional activation of analytes with residual background

gas in the source region of the mass spectrometer. However, unlike tandem mass

spectrometry, in-source CID does not involve an isolation step prior to collisional

activation leading to a product ion spectrum composed of fragment ions from any

analyte present during the activation event. This work provides the first comparison

of in-source CID and beam-type CID spectra of emerging synthetic drugs on the

same instrument to understand the fragmentation differences between the two tech-

niques and to contribute to the scientific foundations of in-source CID. Electrospray

ionization–quadrupole time-of-flight (ESI-Q-TOF) mass spectrometry was used to

generate product ion spectra from in-source CID and beam-type CID for a series of

well-characterized fentanyl analogs and synthetic cathinones. A comparison between

the fragmentation patterns and relative ion abundances for each technique was

performed over a range of fragmentor offset voltages for in-source CID and a range

of collision energies for beam-type CID. The results indicate that large fragmentor

potentials for in-source CID tend to favor higher energy fragmentation pathways that

result in both kinetically favored pathways and consecutive neutral losses, both of

which produce more abundant lower mass product ions relative to beam-type CID.

Although conditions can be found in which in-source CID and beam-type CID

provide similar overall spectra, the in-source CID spectra tend to contain elevated

noise and additional chemical background peaks relative to beam-type CID.
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1 | INTRODUCTION

Electron ionization mass spectrometry (EI-MS) is an invaluable tool for

the structural identification of unknown organic compounds such as

drugs and drug metabolites.1,2 In particular, the generation of mass

spectral databases based on standardized ionization conditions with

70 eV electrons permits remarkable consistency and reproducibility in

the spectra collected on different instruments and by different
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vendors.3 However, the EI-MS spectra of many organic compounds,

such as synthetic cathinones and fentanyl analogs, do not contain

abundant molecular ions, which are useful for determining the molec-

ular weight of an unknown.4,5 An approach to solve this issue is the

application of soft ionization sources, such as electrospray ionization

(ESI), which results in little to no fragmentation of the [M + H]+

protonated molecules. When used in combination with tandem

mass spectrometry (MS/MS), ESI-MS/MS is capable of obtaining both

the molecular weight information and structurally informative

fragments to help identify compounds and distinguish isobaric and

isomeric ions.6,7

Tandem mass spectrometry has traditionally involved collisional

activation of an isolated precursor ion with a neutral bath gas, com-

monly termed collision-induced dissociation (CID).6 The process of

CID for beam-type instruments involves 10s–100s of collisions with a

neutral gas like nitrogen or argon as the precursor ions pass through

the collision cell. In contrast, CID in trapping-type instruments

involves 100s of collisions between the stored precursor ions and

the neutral bath gas, which is typically helium.8,9 Trapping-type CID

therefore tends to promote lower energy pathways relative to beam-

type CID.6 However, not all instruments include a collision cell or an

ion trap, so in-source CID has evolved as a way to accomplish CID in

the absence of tandem-MS capabilities or as a cheaper alternative.10

In-source CID is achieved by manipulating the acceleration voltages

as ions transition from the atmospheric pressure ionization source to

the high vacuum of the mass analyzer. Manipulation of these voltages

causes ions to undergo energetic collisions with residual background

gases and, ultimately, fragment. Collision conditions for in-source CID

are usually at energies up to hundreds of eV and at pressures on the

order of 1 mbar well in excess of low-energy beam-type collisions

typically up to 100 eV.9

Most of the early in-source CID work was directed towards the

fragmentation of macromolecules such as peptides,11–16 porphyrins,17

antibiotics,18 and cytochrome c.19 In addition, comparison studies

between in-source CID and tandem mass spectrometry were

performed for the analysis of peptides,20,21 oligosaccharides,22 and

veterinary drugs.23 More recently, in-source CID applications have

expanded to smaller molecules such as opiates,24 synthetic

cathinones,25 fentanyl analogs,26 lysergic acid diethylamide (LSD),27

and inorganic explosives.28 In-source CID has many monikers,

including nozzle/skimmer activation,11,19 ESI-CID,3 upfront CID,3

transport-region CID,29 and cone-voltage CID.30 The issue of the

reproducibility of in-source CID spectra both within a single instru-

ment31 and between different instruments has been raised.32,33 In

particular, even with identical source conditions, different source

geometries32,34 or various residual gas compositions35,36 lead to

differences in observed spectra. One approach for generating compa-

rable in-source CID data involves the generation of breakdown curves

for several tune compounds on different mass spectrometers.34,37

Other approaches include the generation of in-source CID libraries

based on spectra collected at three different acceleration voltages38

or through reconstructed spectra composed of data collected at low

and high offset voltages.39 Altering the offset voltage, sometimes

referred to as the declustering potential, cone voltage or fragmentor

voltage, allows for a tunable degree of fragmentation,40 which is

desirable for library collection.29

One widely used instrumental setup for in-source CID is the com-

bination of direct analysis in real time (DART) with high-resolution

mass spectrometry (HRMS), such as time-of-flight (TOF) mass spec-

trometers.41,42 DART is a rapid, noncontact, ambient ionization tech-

nique that produces ions through gas-phase reactions of hot gas

effluent from an atmospheric corona-to-glow discharge with reagent

molecules and polar or nonpolar analytes.43,44 The most common

applications of DART-TOF with in-source CID are for the analysis

of drugs, including synthetic cathinones,25,45–47 opioids,48

cannabinoids,49 stimulants,50 and botanicals.51,52 DART with in-

source CID and HRMS provides both molecular weight information

from the [M + H]+ protonated molecule and structural information

from the in-source CID fragments.53,54 In-source CID can also be

employed on quadrupole TOF (Q-TOF) instruments to enable product

ion isolation and CID-TOF analysis to achieve pseudo-MS3.55

Whereas the use of in-source CID with HRMS has become widely

accepted within the drug screening community, there is a void in the

forensic science literature for the comparison between in-source CID

and conventional beam-type CID. Power et al. examined the similarity

between trapping-type CID spectra on an LTQ/Orbitrap instrument

and in-source CID spectra collected with a single quadrupole.45 How-

ever, their study is not an apples-to-apples comparison because the

mass analyzers were drastically different and might have different

mass biases. For example, when comparing the spectra of in-source

CID of five compounds on six different instruments, Bristow et al.

noted that the geometry of the ionization source has a noticeable

effect on the degree of fragmentation and product ion distributions.32

For the purpose of the present study, we kept the ESI source geome-

try and TOF detection constant. The only variables that changed were

whether the ions were fragmented using in-source CID or beam-type

CID and slight shifts in fragmentor voltage based on optimized precur-

sor transmission prior to beam-type CID. Although we have made

some comparisons between in-source CID of ESI- and DART-

generated precursor ions, those results are beyond the scope of the

current work.

The goal of this study is to qualitatively analyze the product ion

spectra generated with in-source CID and beam-type CID for a series

of fentanyl analogs and synthetic cathinones that have been previ-

ously well-characterized.56,57 The Q-TOF mass spectrometer allows

for the collection of both in-source CID product ion spectra and

beam-type CID product ion spectra by switching between full-scan

mode and MS/MS mode, which involves the isolation of a desired pre-

cursor ion and the application of an optimized collision energy. This

instrumental setup allows for the comparison of mass spectra gener-

ated under conditions that are as similar as possible.41 This study pro-

vides the forensic science community with empirical comparisons

between these two commonly employed fragmentation techniques to

help solidify the basis for in-source CID as a technique and for com-

paring in-source CID spectra with spectra collected on beam-type

instruments. The strong similarities suggest that, in general,
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fragmentation mechanisms from beam-type CID studies can be

applied to in-source CID spectra. Finally, with the increasing interest

in the application of HRMS for rapid drug screening, this study pro-

vides insight into the benefits and drawbacks of in-source CID relative

to beam-type CID and the implications for forensic practitioners with

an emphasis on emerging synthetic drugs.

2 | METHODS

2.1 | Sample preparation

Four N-alkylated synthetic cathinones and two fentanyl analog stan-

dards were purchased through Cerilliant (Round Rock, TX, USA)

including methcathinone-d3 (N-alkyl deuterated), diethylpropion-d10

(N-alkyl deuterated), pentylone-d3 (N-alkyl deuterated), dibutylone-d3

(alkyl deuterated), alfentanil, and furanylfentanyl. Two additional fen-

tanyl analogs were purchased through Cayman Chemical (Ann Arbor,

MI, USA) including ortho-methylfentanyl and β-hydroxythiofentanyl-

d5 (perdeuterated on the amide). Table S1 provides the corresponding

protonated molecular structure and exact masses for all compounds in

this study. The synthetic cathinones were chosen based on the desire

to have varying molecular weights and both 2� and 3� amines. The

fentanyl analogs were chosen to represent analogs with substitutions

on different positions of the core fentanyl structure, consistent with

our previous work on the influence of chemical modifications on the

fragmentation behavior of fentanyl analogs.56 The incorporation of

deuterated analogs provides in-source CID data for compounds that

may be used by others as internal standards for quantitative analyses.

Also deuterated compounds are available as DEA-exempt prepara-

tions and help confirm proposed fragmentation pathways. All stan-

dards were prepared in a solution of 49% high-performance liquid

chromatography (HPLC) grade methanol, 49% distilled water, and 2%

acetic acid to a final concentration of approximately 100 ppm. The

HPLC grade methanol was supplied by Fisher Scientific (Palo Alto, CA,

USA) and the acetic acid was supplied by Acros Organics (Palo Alto,

CA, USA).

2.2 | Instrumentation

2.2.1 | Agilent Technologies 6538 UHD Accurate-
Mass Q-TOF

A dual-ESI source was operated with a spray voltage of 3500 V and a

300 �C nitrogen drying gas flow of 5 L/min and a nebulizer flow of

30 psig. Direct infusion of standards was accomplished with a

5 μL/min flow rate. In-source CID spectra were collected using a

skimmer setting of 65 V and fragmentor settings varying from 95 to

300 V to produce a range of in-source CID spectra. Likewise, the

collision energy used for the beam-type CID portion of this study was

varied from 15 to 35 eV to provide a range of beam-type CID spectra.

All beam-type CID spectra were collected with an isolation width of

1.3 Da, and the scan range was from m/z 50 to a value that exceeded

the molecular mass by �50 Da. Ultra-pure nitrogen was used for

the collision gas purchased through Matheson TRIGAS (Fairmont,

WV, USA).

2.2.2 | Thermo Scientific Velos Pro linear ion trap

Supporting trapping-type CID experiments were also collected using a

Thermo Scientific Velos Pro linear ion trap (LIT) mass spectrometer

with a heated-electrospray ionization (HESI) source at 50 �C. Again,

direct infusion of standards was achieved with a flow rate of 5 μL/min.

The spray voltage was 4000 V with the nitrogen sheath gas flow set

to 8 arbitrary units, and the nitrogen auxiliary flow was set to five

arbitrary units. The mass spectrometer capillary temperature was set

to 275 �C. The scan range and normalized collision energy (NCE) were

specific for each compound and are labeled with each mass spectrum.

The bath gas was ultra-pure helium from Matheson TRIGAS

(Fairmont, WV, USA).

2.3 | Data analysis

MassHunter Qualitative Analysis B.05.00 and Xcalibur 2.0.0.48 soft-

ware were used for the Agilent Q-TOF and Thermo Scientific LIT data

analysis, respectively. All compounds in this study were analyzed with

both the Q-TOF and LIT to verify the fragmentation pathways

and provide a comparison between in-source CID, beam-type CID,

and trapping-type CID. Spectra are provided in the manuscript, and

supplemental material and are available on request. Microsoft Excel

version 14 (Microsoft, Redmond, WA, USA) was used for the mass

spectral plots, and ChemDraw 16.0 (PerkinElmer, Waltham, MA, USA)

was used to create the embedded structures.

2.4 | Spectral interpretation

This study provides described below involves at least one beam-type

CID spectrum and at least one in-source CID spectrum, and the figure

caption provides extensive information about the experimental

conditions used to collect each spectrum. In addition, Table S2

provides comprehensive information about the elemental formula and

exact mass for each ion discussed in text.

3 | RESULTS AND DISCUSSION

3.1 | Fentanyl analogs

Figure 1 shows a comparison between beam-type CID and in-source

CID spectra for ortho-methylfentanyl. The [M + H]+ protonated

precursor for ortho-methylfentanyl is observed at m/z 351.2437

(<1 ppm error) in Figure 1A. A sodiated adduct ([M + Na]+) is also
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evident at m/z 373.2273 (5 ppm error) in Figures 1B,C. Figure 1A

shows the beam-type CID spectrum with product ions at m/z

230.1590 (20 ppm error), m/z 188.1483 (23 ppm error), m/z

146.0990 (14 ppm error), m/z 134.0983 (10 ppm error), and m/z

105.0718 (13 ppm error), which is consistent with our previous

work.56 For ortho-methylfentanyl, all of the product ions formed in

beam-type CID are found in the in-source CID spectrum, but the

reverse is not true. The in-source CID spectrum shows a phenylium

peak at m/z 77.0417 that is negligible in the beam-type CID spectrum.

The phenylium ion at m/z 77.0417 either derives from a higher energy

direct cleavage of the precursor or from a simple neutral loss of C2H4

from the phenylethyl ion at m/z 105.0718.

The fragmentor setting of 175 V in Figure 1B provided inefficient

fragmentation and weak product ion signals. Low-abundance in-

source CID product ions are observed at m/z 188.1483 (23 ppm error)

and m/z 105.0718 (13 ppm error). The phenethylpiperidine ion

expected at m/z 188.1439 has been described extensively for fenta-

nyl, including the presence of isobaric species formed through the loss

of the N-phenylpropanamide moiety directly or through the loss of

methylketene followed by the loss of aniline.58,59

The presence of the phenethylpiperidine ion at m/z 188.1483

and the phenylethyl ion at m/z 105.0718 are consistent with previous

literature on in-source CID of fentanyl and fentanyl analogs.26 The

actual structure of the fragment at m/z 105.0718 could also be a

methyl-tropylium or phenonium ion.60 The ion at m/z 98.9782 in

Figure 1B has a negative mass defect that is not consistent with any

viable fragment of ortho-methylfentanyl and must therefore derive

from an impurity or background contamination. The same ion was

observed in other full-scan and low energy in-source CID spectra, and

the most reasonable identity—based on the likelihood of occurrence

and accurate mass—is H3SO4
+ (35 ppm error). However, the chemical

identity of the ion at m/z 98.9782 has not been confirmed.

In contrast to the low energy in-source CID spectrum in

Figure 1B, the higher energy in-source CID spectrum in Figure 1C

provides more abundant low mass ions, including the readily observed

phenylium product ion at m/z 77.0417 (34 ppm error). As expected,

larger fragmentor voltages enhanced the fragmentation efficiencies

and decreased the precursor ion abundance.

The [M + H]+ protonated precursor of furanylfentanyl is observed

at m/z 375.2134 (16 ppm error) in Figure 2. A sodiated adduct

([M + Na]+) is also evident at m/z 397.1914 (6 ppm error) in

Figures 2B,C. In contrast to Figure 1, the observed product ion

distribution is noticeably absent of any intermediate of significant

abundance between the precursor ion and the phenethylpiperidine

ion at m/z 188.1471. At higher energies, the electron-withdrawing

characteristics of the furyl group for furanylfentanyl tend to favor the

351.25
CID (25 eV)

In-source CID

In-source CID

(A)

(B)

(C)

N

H

N

O

m/z 351.2436

F IGURE 1 Comparison of beam-type CID
(top) and in-source CID (middle and bottom) for
protonated ortho-methylfentanyl. For all spectra,
the skimmer setting was held at 65 V. For beam-
type CID, the fragmentor setting was 250 V with a
collision energy of 25 eV. For in-source CID, the
fragmentor settings were 175 and 300 V, for
(B) and (C), respectively, with the collision energy
set to 0 eV
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direct loss of the N-phenylalkylamide moiety and drive facile

secondary fragmentation.56 The product ions at m/z 188.1471

(17 ppm error), m/z 146.1001 (22 ppm error), m/z 134.1000

(24 ppm error), and m/z 105.0713 (9 ppm error) are consistent with

the previous literature.58,61,62

Figure 2B provides a low abundance of product ions because the

fragmentor offset is too low to achieve efficient CID. The poor spec-

trum shows that it is difficult or impossible to obtain low-energy in-

source CID spectra with acceptable CID efficiencies at a fragmentor

voltage of 175 V. The presence of the phenethylpiperidine ion at m/z

188.1471 (17 ppm error) and phenylethyl ion (or phenonium or

methyl-tropylium ion60) at m/z 105.0713 (9 ppm error) has been

reported previously in literature for furanylfentanyl.63 As the

fragmentor voltage is increased, the low-mass product ions increase

in abundance relative to the precursor ion signal (Figure 2C).

One notable difference between the in-source CID spectrum and

beam-type CID spectrum of furanylfentanyl is the abundance of the

phenylium ion at m/z 77.0391 for beam-type CID, which, as discussed

above, could be a higher energy direct cleavage product or a consecu-

tive fragment. The accurate mass measurements indicate that the ele-

mental composition at m/z 105.0713 is C8H9
+, which is consistent

with a phenylethyl ion (or methyl-tropylium or phenonium ion60)

structure from the N-phenylethyl group on the piperidine

nitrogen. The expected pathway to the phenylethyl cation is through

charge-directed inductive cleavage from the 1-(2-phenylethyl)-

2,3,4,5-tetrahydropyridium ion at m/z 188.1471 to form the

phenylethyl cation at m/z 105.0713.58,59

Figure 3 shows a comparison between the beam-type CID spec-

tra and in-source CID spectrum for alfentanil collected at different

collision energies. Under the in-source CID conditions, there is a

wealth of product ion information in addition to the presence of the

[M + H]+ protonated precursor at m/z 417.2628 (3 ppm error) and the

[M + Na]+ precursor at m/z 439.2480 (11 ppm error). The major in-

source CID generated product ions at m/z 385.2381 (8 ppm error),

m/z 314.1892 (7 ppm error), m/z 268.1831 (22 ppm error), m/z

197.1296 (3 ppm error), and m/z 165.1064 (23 ppm error) are all in

agreement with the beam-type CID spectra. The observed product

ions are consistent with previous literature for substitution at the

4-position of the piperidine ring, as seen by the neutral losses of

methanol (i.e., at m/z 385.2381) and N-phenylpropanamide (i.e., at m/

z 268.1831).56,64

Figure 4 compares spectra from beam-type CID and in-source CID

of β-hydroxythiofentanyl-d5. Unlike the other fentanyl analogs, the sod-

iated adduct ([M + Na]+) was more abundant than the protonated

adduct ([M + H]+) in the full scan mass spectra of

β-hydroxythiofentanyl-d5. For consistency with the other analogs, the

less-abundant protonated precursor was isolated for beam-type CID,

which provided slightly inferior signal-to-noise ratios in the low mass

375.21
CID (25 eV)

In-source CID

In-source CID

(A)

(B)

(C)

N

H

N

O

m/z 375.2072

O

F IGURE 2 Comparison of beam-type CID
(top) and in-source CID (middle and bottom) for
protonated furanylfentanyl. For all spectra, the
skimmer setting was held at 65 V. For beam-type
CID, the fragmentor setting was 225 V with a
collision energy of 25 eV. For in-source CID, the
fragmentor settings were 165 and 285 V, for
(B) and (C), respectively with the collision energy
set to 0 eV
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region of the spectrum relative to the other analogs. As is typical for

both beam-type and in-source CID, the product ion distribution shifts

towards lower masses at higher collision energies (Figure 4B) relative to

lower collision energies (Figure 4A) because of sequential neutral losses

and access to pathways with higher dissociation energies. The base peak

of Figure 4A is m/z 346.2021, which is consistent with the neutral loss

of H2O from the [M + H]+ protonated precursor. This intermediate ion

at m/z 346.2021 fragments into the products at m/z 286.1511 and m/z

192.0895, which have been described previously.56

Figure 4C contains both the [M + H]+ protonated precursor at

m/z 364.2114 (3 ppm error) and the [M + Na]+ precursor at m/z

386.1955 (9 ppm error). The fragmentor setting of 285 V provides

sufficient collisional activation to generate multiple diagnostic product

ions, including m/z 346.2021 (7 ppm error), m/z 286.1511 (8 ppm

error), m/z 210.0982 (14 ppm error), m/z 192.0895 (26 ppm error),

m/z 111.0295 (23 ppm error), and m/z 97.0135 (25 ppm error).

3.1.1 | Discussion for fentanyl analogs

The comparison between in-source CID and beam-type CID for fenta-

nyl analogs reveals a great deal of similarity between the observed

product ion spectra. In general, the abundant product ions are con-

served between the two activation techniques, and there is general

agreement between the spectra. A careful assessment also reveals

that the in-source CID spectra tend to be noisier relative to the beam-

type CID spectra, and that there are usually distinguishable differ-

ences in the relative abundance of selected product ions, which is

observed as both ion drop-in and ion drop-out. For example, the in-

source CID spectrum of ortho-methylfentanyl in Figure 1B shows the

presence of a product ion at m/z 98.9782 that is not present in the

beam-type CID spectrum in Figure 1A. We interpret this observation

to imply that m/z 98.9782 must arise from an alternative precursor

than ortho-methylfentanyl because there are no reported pathways to

this fragment mass in the literature. Furthermore, the product ion at

m/z 98.9782 is not present in the higher energy in-source CID spec-

trum (Figure 1C), which indicates that the ion has probably undergone

collisional activation in Figure 1C. Such observations are significant

because the fentanyl analogs in this study were standards and thus

have minimal background interferences, unlike casework samples that

would contain mixtures of drugs, cutting agents, adulterants or com-

plex biological matrices. Others have noted that in-source CID strug-

gles with dilute or impure samples65 and that relative ion abundances

are likely to fluctuate from the day-to-day differences in the

417.26
CID (15 eV)

In-source CID

(A)

(B)

(C)

417.26
CID (25 eV)

N

NH

N

O

m/z 417.2614O

N N

N

O F IGURE 3 Comparison of beam-type
CID (top and middle) and in-source CID
(bottom) for protonated alfentanil. For all
spectra, the skimmer setting was held at
65 V. For beam-type CID, the fragmentor
setting was 225 V with collision energies
of 15 and 25 eV for (A) and (B),
respectively. For in-source CID, the
fragmentor setting was 285 V with a

collision energy of 0 eV
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composition of the residual gases in the source region during in-

source CID. However, reproducibility studies indicate fragment ion

abundances typically have a standard deviation of about 5% relative

to the mean abundance.3,37

When comparing in-source CID and beam-type CID in

Figures 1–3, subtle differences in the relative abundance of peaks

with comparable m/z values indicate fundamental differences in inter-

nal energy deposition rates rather than mass bias or other effects if

the peaks were spaced further apart. For example, the in-source CID

spectrum of alfentanil (Figure 3C) shows a peak at m/z 170.1061

(expected at m/z 170.1042 for C6H12N5O
+; 12 ppm error) that is only

�20% the abundance of the fragment at m/z 165.1064 (expected at

m/z 165.1027 for C9H13N2O
+; 22 ppm error). At the higher beam-

type CID amplitude of 25 eV in Figure 3B, the peak at m/z 170.1061

is �80% the abundance of the peak at m/z 165.1064. In contrast, the

lower energy spectrum in Figure 3A—with a collision energy of

15 eV—provides a peak at m/z 170.1061 that is 130% the abundance

than the peak at m/z 165.1064. In the slow heating conditions of

trapping-type CID, the same peak at m/z 170 was �140% the abun-

dance of the peak at m/z 165 (Supporting Information). The ratio of

abundances at m/z 165:170 therefore varies from �0.75:1 for

trapping-type CID and low-energy beam-type CID to 1.25:1 at higher

energy beam-type CID and �5:1 for in-source CID. Based on MSn

data collected on the LIT, the product ions at m/z 170 and m/z

165 form via consecutive neutral losses through several different

fragmentation pathways, including the abundant intermediate ion at

m/z 268, which is formed through the loss of neutral N-

phenylpropanamide from the protonated precursor. From the inter-

mediate ion at m/z 268, the product ion at m/z 165 forms through the

loss of C2H5N3 (i.e., m/z 197) followed by the loss of methanol,

whereas the product ion at m/z 170 forms through the loss of

C6H10O from a piperidine ring cleavage. The abundance of m/z

165 correlates with the abundance of its precursor at m/z 197, with

both product ions (m/z 165 and m/z 197) gaining prominence at

elevated CID energies in beam-type CID (Figure 3B) relative to

trapping-type CID (Supporting Information). Based on the comparison

between in-source CID (Figure 3C), beam-type CID (Figures 3A,B) and

trapping-type CID (Supporting Information), in-source CID provides

the greatest relative abundance of peaks at m/z 165 and 197. Because

the relative energies and activation barriers for these pathways are

not known, we can only speculate that the product ion at m/z 170 has

a lower activation barrier than m/z 165.

In the slow heating conditions of trapping-type CID of

β-hydroxythiofentanyl-d5, the peak at m/z 207 was slightly more

364.21
CID (15 eV)

(A)

(B)

(C)

364.21
CID (25 eV)

In-source CID

N

H

N

O

m/z 364.2102

DD

D

D
D

SHO
F IGURE 4 Comparison of beam-type
CID (top and middle) and in-source CID
(bottom) for protonated
β-hydroxythiofentanyl-d5. For all spectra,
the skimmer setting was held at 65 V. For
beam-type CID, the fragmentor setting
was 225 V with collision energies of
15 and 25 eV, for (A) and (B), respectively.
For in-source CID, the fragmentor setting

was 285 V with a collision energy of 0 eV
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abundant than the peak at m/z 210 (Supporting Information). The

beam-type CID spectra in Figures 4A,B provide an accurate mass of

m/z 207.1540 (expected at m/z 207.1540 for C13H11D5NO+; <1 ppm

error), which forms through competing pathways through either the

loss of the hydroxymethylthiol to form the intermediate at m/z

250 followed by the loss of a C2NH5 neutral from the piperidine ring

or through the loss of H2O, followed by the loss of the deuterated N-

phenylpropanamide moiety. These pathways were confirmed in MS3

experiments with the linear ion trap.56 In contrast to consecutive,

low-energy rearrangements leading to m/z 207.1540, the product ion

at m/z 210.0982 has an elemental composition C11H16NOS+

(expected at m/z 210.0952; 14 ppm error) and forms via cleavage

between the aniline nitrogen and the piperidine ring in a single step,

so it is probably kinetically favored. The beam-type CID spectra show

similar abundances for the two product ions at m/z 207.1540 and m/z

210.0982, whereas the in-source CID spectrum in Figure 4C shows

that the peak at m/z 210.0982 is considerably more abundant (by a

factor of �7×). Again, these findings show that the in-source CID

spectrum in Figure 4A provides more rapid heating and kinetically

favored single-cleavage product ions relative to beam-type CID exper-

iments or the trapping-type CID experiments of our previous work.56

3.2 | Synthetic cathinones

Figure 5 shows the product ion spectra for methcathinone-d3 col-

lected with beam-type CID and in-source CID. The perdeuterated

methyl group is in the N-alkyl position. Methcathionone-d3 is a 2�

amine, N-alkylated, synthetic cathinone and has a relatively small

molecular weight compared with other cathinones and fentanyl ana-

logs. Figure 5A shows the beam-type CID spectrum with the base

peak at m/z 134.0960 (30 ppm error). Figure 5B shows the dominant

loss of H2O observed at m/z 149.1160 (4 ppm error) from the

[M + H]+ protonated precursor at m/z 167.1295 (21 ppm error). This

fragmentation behavior is consistent with previous literature for N-

alkylated synthetic cathinones.4,66–69 Note that, unlike the fentanyl

analogs, neither methcathinone-d3 nor any of the other synthetic

cathinones show sodiated adducts ([M + Na]+) in the full-scan mass

spectra. The lack of sodiation likely is related to the relative sodium

affinity of synthetic cathinones relative to fentanyl analogs, but could

also be related to differences in the sodium impurities of the pur-

chased standards.

Figure 5C shows that, at higher acceleration potentials of in-

source CID, the product ion distribution shifts towards lower

167.13
CID (25 eV)

In-source CID

In-source CID

(A)

(B)

(C)

O

m/z 167.1260

N
CD3H

H

F IGURE 5 Comparison of beam-type
(CID) (top) and in-source CID (middle and
bottom) for protonated methcathinone-
d3. For all spectra, the skimmer setting
was held at 65 V. For beam-type CID, the
fragmentor setting was 175 V with a
collision energy of 25 eV. For in-source
CID, the fragmentor settings were
175 and 255 V, for (B) and (C),
respectively with the collision energy set
to 0 eV
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masses, likely because the smaller ions are thermodynamically more

stable than large ions and have higher dissociation thresholds. The

ions at smaller m/z values could also derive from multiple neutral

losses. The major product ions observed from beam-type CID are

consistent with the major product ions observed for in-source CID,

including product ions at m/z 149.1160 (4 ppm error), m/z

134.0960 (30 ppm error), m/z 131.0744 (8 ppm error), and m/z

105.0713 (9 ppm error). Two product ions of note are m/z

134.0920 and m/z 131.0744, which are formed through the loss of

a radical methyl group (˙CH3) from the aliphatic chain and a radical

deuterated methyl group (•CD3) from the N-alkyl chain, respec-

tively. The presence of even-electron intermediates fragmenting

into odd-electron product ions has been reported before for

N-alkylated synthetic cathinones.55,57,66

Similar to the fentanyl analogs, the in-source CID spectra and

beam-type CID spectra occasionally show significant differences in

relative ion abundances for peaks that are close together and there-

fore these differences in abundance are not caused by mass bias. For

example, in the beam-type CID spectrum of methcathinone-d3 in

Figure 5A, the peak at m/z 131.0744 is �39% more abundant than

the peak at m/z 130.0670. However, although the higher energy

in-source CID spectrum in Figure 5C shares overall spectral similarity

with the beam-type CID spectrum, the relative abundance of the peak

at m/z 131.0744 is only �50% the abundance of the peak at m/z

130.0670. Previous work indicates that the product ion at m/z

131.0744 is a distonic radical cation formed via the loss of the methyl

group from the N-alkyl position.55,57,66 Without the benefit of isotope

labeling, Bijlsma et al. assumed that the methyl radical was lost from

the aliphatic chain.70 However, per-deuteration on the N-methyl

group shows that the intermediate at m/z 149.1160 can evidently lose

either •CH3 (15 Da) from the aliphatic chain to form the product at

m/z 134.0960 or •CD3 (18 Da) from the N-methyl position to form

the product at m/z 131.0744 with approximately equal preference.57

The formation of an alkylphenone at m/z 133.0960 through the loss

of the N-methyl moiety is generally unfavorable in all the spectra,

whereas the additional radical loss of •H (1 Da) from the distonic

radical intermediate at m/z 131.0744 to give the even-electron

product ion at m/z 130.0670 is kinetically favored at higher internal

energies, as demonstrated by its greater abundance in the highest

energy in-source CID conditions.

206.15
CID (25 eV)

In-source CID

In-source CID

(A)

(B)

(C)

O

m/z 206.1544

N

CH3 CH3

H

F IGURE 6 Comparison of beam-type
(CID) (top) and in-source CID (middle and
bottom) for protonated diethylpropion.
For all spectra, the skimmer setting was
held at 65 V. For beam-type CID, the
fragmentor setting was 225 V with a
collision energy of 25 eV. For in-source
CID, the fragmentor settings were
225 and 285 V, for (B) and (C),
respectively, with the collision energy set
to 0 eV
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Like methcathinone-d3, diethylpropion also has a relatively small

molecular weight, but diethylpropion is a 3� amine, N-alkylated, syn-

thetic cathinone. Figure 6 provides a comparison between beam-type

CID and in-source CID for diethylpropion. The in-source CID spectra

in Figures 6B,C reveal the conversion of the [M + H]+ protonated

molecule at m/z 206.1578 (16 ppm error) to product ions at m/z

160.1157 (19 ppm error), m/z 133.0690 (28 ppm error), m/z 105.0713

(9 ppm error), m/z 100.1164 (38 ppm error), and m/z 77.0397

(8 ppm error), and the most abundant product ions at m/z 105.0713

and m/z 100.1126 are consistent with previous literature.71

The product ions at m/z 133.0690 and m/z 100.1164 are of par-

ticular importance because these product ions correspond with the

formation of an alkylphenone and iminium cation, respectively. Our

previous work with N-alkylated synthetic cathinones demonstrated

that, whereas 2� amines favor the loss of water, 3� amines favor the

formation of alkylphenones and a corresponding iminium counter

ion.57 The common phenylethyl ion at m/z 105.0713 and phenylium

ion at m/z 77.0397 were also identified.57 In general, the in-source

CID product ions are in agreement with the beam-type CID product

ions at a collision energy of 25 eV (Figure 6A). One exception is the

presence of the product ion at m/z 72.0845 (44 ppm error) in the

beam-type CID spectrum, which arises through consecutive

fragmentation from the intermediate at m/z 100.1164. One explana-

tion for the low abundance at nominal m/z 72 in the in-source CID

spectrum is that kinetic-based products are more competitive relative

to this product of sequential neutral losses. Another reason for the

absence of nominal m/z 72 in the in-source CID spectra could be due

to instrumental discrimination against low mass ions at elevated

fragmentor settings. In our experience, nominal m/z 77 was the lowest

mass product ion of any significant abundance from dozens of in-

source CID spectra, even though the scan range started at m/z 50 in

all cases and the beam-type CID spectra often contained fragments

between nominal m/z 50–77.

Figure 7 shows the beam-type CID and in-source CID mass spec-

tra for pentylone-d3, which is a relatively large molecular weight, 2�

amine, N-alkylated, synthetic cathinone. Figure 7C shows a significant

portion of the [M + H]+ protonated precursor ion at m/z 239.1530

(25 ppm error) is converted to product ions through collisional activa-

tion. The common product ions observed in Figure 7C include m/z

221.1395 (13 ppm error), m/z 191.1275 (8 ppm error), m/z 178.0843

(14 ppm error), m/z 135.0465 (14 ppm error), and m/z 89.1171

(19 ppm error), among others.

The product ion at m/z 221.1395 is formed through the loss of

H2O, and the product ion at m/z 178.0843 is formed by an additional

239.15
CID (15 eV)

(A)

(B)

(C)

239.15
CID (25 eV)

In-source CID

O

m/z 239.1471

O

O N
H CD3

H

F IGURE 7 Comparison of beam-type
(CID) (top and middle) and in-source CID
(bottom) for protonated pentylone-d3. For
all spectra, the skimmer setting was held
at 65 V. For beam-type CID, the
fragmentor setting was 175 V with
collision energies of 15 and 25 eV, for
(A) and (B), respectively. For in-source
CID, the fragmentor setting was 255 V
with a collision energy of 0 eV
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loss of a propyl radical (˙C3H7). As mentioned above, the radical losses

from even-electron precursors are commonly observed in tandem

mass spectra of N-alkylated synthetic cathinones.55,57,66 Likewise, the

product ion at m/z 191.1275 occurs through the loss of formaldehyde

(CH2O), which is typical for methylenedioxy-containing synthetic

cathinones.4,72,73 Finally, the product ions at m/z 135.0465 and m/z

89.1171 are consistent with the methylenedioxy-substituted tro-

pylium ion and the deuterated iminium ion. As the collision energy is

increased from 15 eV in Figure 7A to 25 eV in Figure 7B, the

corresponding product ion spectrum shifts to lower mass ions through

higher energy fragmentation events, which allows for the generation

of additional product ions, such as those at m/z 105.0359 (8 ppm

error) and m/z 77.0397 (48 ppm error). As with the fentanyl analogs,

we cannot be sure whether the phenylium ion at m/z 77.0397 forms

via direct cleavage or via consecutive cleavages. Whereas a potential

pathway for the fentanyl analogs was via the loss of C2H4 from the

phenylethyl ion at m/z 105.0713, a potential intermediate for the

cathinone analogs is via the loss of CO from the benzoyl ion at m/z

105.0359.

Dibutylone-d3 has the same molecular mass as pentylone-d3

(238 g/mol), but dibutylone-d3 is a 3� amine, N-alkylated, synthetic

cathinone. The in-source CID spectrum (Figure 8C) reveals efficient

conversion of the [M + H]+ protonated precursor at m/z 239.1519

(20 ppm error) to product ions. The product ions in Figure 8 include

m/z 194.0920 (14 ppm error), m/z 166.0993 (30 ppm error),

m/z 164.0822 (21 ppm error), m/z 149.0262 (16 ppm error),

136.0866 (17 ppm error) 108.0929 (37 ppm error), and m/z 89.1169

(19 ppm error).

The product ion at m/z 194.0920 is formed through cleavage of

the N-alkyl group, which is common for 3� amine, N-alkylated syn-

thetic cathinones.57 The product ion at m/z 164.0822 results from the

cleavage of formaldehyde (CH2O) from the intermediate at m/z

194.0920, and the product ion at m/z 149.0262 is the

methylenedioxy-substituted benzoylium ion. The loss of formalde-

hyde from methylenedioxy-substituted cathinones has been reported

previously for both N-alkylated synthetic cathinones and

α-pyrrolidinophenone synthetic cathinones.4,72

Based on the MSn data from the LIT, the intermediates at m/z

164.0822 and m/z 166.0944 can continue to lose small neutrals to

form product ions at m/z 136.0842 and m/z 108.0929, which are

much more prominent in the higher energy beam-type CID spectrum

and in-source CID than the lower energy beam-type CID spectrum.

239.15
CID (15 eV)

(A)

(B)

(C)

239.15
CID (25 eV)

In-source CID

O

CD3

m/z 239.1471

O

O N
H CH3

CH3

F IGURE 8 Comparison of beam-type
(CID) (top and middle) and in-source CID
(bottom) for protonated dibutylone-d3.
For all spectra, the skimmer setting was
held at 65 V. For beam-type CID, the
fragmentor setting was 225 V with
collision energies of 15 and 25 eV, for
(A) and (B), respectively. For in-source
CID, the fragmentor setting was 285 V
with a collision energy of 0 eV
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The authors are not aware of any mechanisms to form these lower

mass fragments via direct cleavages, so their presence can only be

explained by sequential neutral losses. The presence of the low-

energy product ion at m/z 89.1169, which corresponds to the deuter-

ated iminium ion, provides further support for the presence of a

synthetic cathinone. However, this low energy product ion is less

abundant in the in-source CID spectrum (Figure 8C) than the higher-

energy beam-type CID spectrum (Figure 8B) because other pathways

and sequential neutral losses become more competitive under

in-source CID conditions. The in-source CID spectrum in Figure 8C

contains greater differences in product ion abundances relative to the

beam-type CID spectra at a collision energy of 15 eV in Figure 8A and

at 25 eV in Figure 8B than the other spectral comparisons. Still, from

the perspective of drug identification, the most abundant product ions

in the beam-type CID spectra are among the most abundant product

ions of the in-source CID spectra.

3.2.1 | Discussion for cathinone analogs

Through the analysis of a series of N-alkylated synthetic cathinones,

we have identified the general consistency between product ion

spectra of in-source CID and beam-type CID on the same instrument

with the same ion source. The compounds analyzed had a range of

molecular weights and various degrees of substitution, including the

presence of 2� and 3� amines, which are known to favor different

pathways during tandem mass spectrometry.57 Whereas in-source

CID and beam-type CID spectra are generally similar in the distribu-

tion and types of product ions formed, the spectra can be distin-

guished based on subtle differences in relative ion abundances and by

the fact that the in-source CID spectra typically provide increased

noise and additional adducts relative to beam-type CID spectra. Dif-

ferences between in-source CID spectra and beam-type CID spectra

can be ascribed to four major factors: (1) in-source CID spectra can

include ions from different precursor molecules; (2) in-source CID

spectra can contain product ions from different adducts of the

same precursor molecules; (3) in-source CID spectra appear to access

kinetically favored, higher-energy fragmentation pathways; and

(4) in-source CID spectra seem to suffer from discrimination against

low-mass product ions in the region m/z 50–77.

As examples of factors 1 and 2 above, the high energy in-source

CID spectrum of methcathinone-d3 (255 V, Figure 5C) shows an abun-

dant product ion (peak drop-in) at m/z 98.9781, which is absent from

the lower energy in-source CID spectrum (175 V, Figure 5B) and the

beam-type CID spectrum (Figure 5A). We assume that this fragment

derives from a sulfuric acid impurity or from a precursor with a higher

activation energy than methcathinone-d3. Supporting this hypothesis,

the same product ion at m/z 98.9781 was observed in other in-source

CID spectra, such as ortho-methylfentanyl (Figure 1B). The impurity

could derive from a contaminant within the solvent, the residual

gases, the sample container, or the ionization source itself (i.e., PEEK

tubing). An example of peak drop-out for the in-source CID spectra is

the product ion at m/z 79.0556 for C6H7
+ (expected at m/z 79.0547;

11 ppm error) in Figure 5A. This product ion is only present in the

beam-type CID. The occurrence of ion drop-in/drop-out is particularly

tricky when dealing with more complex samples or matrices than the

drug standards used in this study.

The nature of in-source CID implies that the product ions gen-

erated through in-source CID arise not only from the analyte of

interest but also from any compound present in the source during

the in-source CID process. Practically, this means that the product

ions present in the in-source CID product ion spectra are not

exclusively derived from the analyte of interest. This fundamental

principle limits the applicability of in-source CID for the structural

elucidation of unknown compounds; however, in-source CID has

demonstrated moderate success with the differentiation of struc-

turally similar compounds such as synthetic cathinones,25,45 syn-

thetic cannabinoids49 and fentanyl analogs.26 One approach to

determine which product ions in an in-source CID spectrum derive

from which precursor ions in a mixture is to use chemometrics.74

In the absence of more-extensive validation, isolation and fragmen-

tation will continue to be required for potential unequivocal

differentiation of isomers and isobars.75

Two approaches that have been applied in an attempt to over-

come the downfalls of in-source CID are the combination of chroma-

tography and the generation of instrument specific in-source CID

mass spectral libraries.7 Chromatography allows for the separation of

the analyte of interest from other potential interferences; however,

chromatography does not address source-specific contamination and

coelution. The application of in-source CID mass spectral libraries can

be manufacturer specific—to account for the effects of source

design—and, to have the highest power of discrimination, instrument

specific.32 When feasible, the generation of composite mass spectra

through summed or averaged mass spectra collected at different

potentials has shown the capability to identify unknown compounds

based on in-house generated in-source CID mass spectral libraries.7

4 | CONCLUSIONS

The analysis of a series of previously characterized fentanyl analogs56

and synthetic cathinones57 with a Q-TOF mass spectrometer allowed

for a qualitative assessment of the similarities and differences in the

product ion spectra generated with in-source CID and beam-type CID

conditions. In this study, we demonstrate that, under certain condi-

tions, it is possible to generate similar product ion spectra between in-

source CID and beam-type CID of the same substance. However,

although in-source CID and beam-type CID both encourage consecu-

tive neutral losses at elevated collision energies, both techniques tend

to produce kinetically favored fragments at lower masses relative to

trapping-type CID. Of the three techniques, in-source CID seems to

access the highest energy pathways and tends to show the greatest

extent of peak drop-in/drop-out and elevated noise from contaminant

ions. The subtle differences in relative ion abundances between in-

source CID and beam-type CID can usually be explained by the pref-

erence for higher energy pathways with in-source CID, especially at

12 of 15 DAVIDSON ET AL.



elevated fragmentor voltages. In some cases, the abundance of peaks

that are separated by only a few Daltons, such as nominal m/z

165 and nominal m/z 170 for alfentanil, can show ratios as disparate

as 0.75:1 for trapping-type CID to 1.25:1 for beam-type CID and

�5:1 for in-source CID.
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