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Abstract

Polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and polybrominated 

diphenyl ethers (PBDEs) are persistent environmental pollutants originating from incomplete 

combustion of organic materials and synthetic sources. PAHs, PCBs, and PBDEs have all been 

shown to have a significant effect on human health with correlations to cancer and other diseases. 

Therefore, measuring the presence of these xenobiotics in the environment and human body is 

imperative for assessing their health risks. To date, their analyses require both gas chromatography 

and liquid chromatography separations in conjunction with mass spectrometry measurements for 

detection of both the parent molecules and their hydroxylated metabolites, making their studies 

extremely time consuming. In this work, we characterized PAHs, PCBs, PBDEs and their 

hydroxylated metabolites using ion mobility spectrometry coupled with mass spectrometry (IMS-

MS) and in combination with different ionization methods including electrospray ionization (ESI), 

atmospheric pressure chemical ionization (APCI) and atmospheric pressure photoionization 

(APPI). The collision cross section and m/z trend lines derived from the IMS-MS analyses 

displayed distinct trends for each molecule type. Additionally, the rapid isomeric and molecular 

separations possible with IMS-MS showed great promise for quickly distinguishing the parent and 

metabolized PAH, PCB, and PDBE molecules in complex environmental and biological samples.
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1. Introduction

The characterization of xenobiotics in environmental and biological samples is extremely 

important for evaluating human exposure and subsequent health effects. Among them, 

polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and 

polybrominated diphenyl ethers (PBDEs) are of great interest due to their persistence in the 

environment and known health effects. Specifically, PAHs are produced through incomplete 

combustion of organic materials from both natural and anthropogenic sources, such as forest 

fires, vehicle emissions, human wood burning, smoked meat, and industrial combustion of 

fossil fuels, which are some of the most widespread organic pollutants in the environment 

[1]. PAHs consist of fused benzene rings and are hydrophobic in nature with very low 

polarity. Representative structures for PAHs, such as naphthalene, anthracene and benzo(a) 

pyrene, are shown on Fig. 1a. Human can experience chronic exposure to PAHs present in 

the environment or their diets [2,3]. Furthermore, many PAHs have been identified as, or 

suspected to be, carcinogenic, mutagenic and teratogenic. Thus, evaluating the presence of 

these xenobiotic classes in the environment and human body is essential for assessing and 

understanding their health risks [4].

PCBs are synthetic organochlorine chemicals used in many past industrial products, 

including electrical capacitors, transformers, paints, lubricants, adhesives and ceiling and 

floor tiles [5]. Ultimately the production of PCBs was terminated due to the recognition of 

their accumulation in both the environment and living organisms and resistance to 

degradation [6,7]. PCBs consist of two six-carbon rings linked by a single carbon-carbon 

bond (biphenyl) with chlorine atoms substituted for hydrogen atoms at any of the 10 

possible positions. The general structure for PCBs and their nomenclature are shown in Fig. 

1a. PCBs are lipid-soluble due to the nonpolar properties and therefore can be taken up 

through inhalation, dermal contact or food intake. Exposure to PCBs has been shown to 
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suppress human immune systems and increase the risk of diseases such as infection, cancer 

and infertility [8–11]. PCB exposure is also of great concern for pregnant women as it has 

been linked to infants with low birth weights, and exposure during fetal and early life can 

have significant effects on IQ and behavior [5,12].

The third class of xenobiotics analyzed in this study was the PBDEs. PBDEs are widely used 

as a flame-retardant and have been found in consumer goods, such as electrical equipment, 

paints, textiles and construction materials [13]. PBDEs are dicyclic aromatic ethers with 

bromine atoms substituted for the hydrogen atoms in any of the 10 possible positions (Fig. 

1a). Similar in structure to PCBs, PBDEs resist degradation and are also persistent pollutants 

in the environment. Human exposure to PBDEs have increased health risk, including tumors, 

neurodevelopmental toxicity and thyroid hormone imbalance [14,15]. Thus, the combined 

risks associated with PAHs, PCBs and PBDEs makes their thorough characterization and 

rapid analyses of great interest to both the public and scientific community.

While the intact PAHs, PCBs and PBDEs in environmental samples can be analyzed directly 

by MS based techniques, their analysis in human body fluids is complicated by their 

metabolism to hydroxylated forms; i.e. OH-PAHs, OH-PCBs and OH-PBDEs. Therefore, it 

is desirable to measure both the intact xenobiotics and their metabolites to fully assess 

exposure and human health risk. Due to their nonpolar properties, however, these molecules 

are generally missed by conventional MS-based metabolomics approaches. Gas 

chromatography-mass spectrometry (GC-MS) has been one of the most widely used 

methods for their analyses, but it is slow and requires additional chemical derivatization 

approaches which can cause degradation [4,12,16]. In most analyses, the hydroxylated 

metabolites are analyzed separately by liquid chromatography-mass spectrometry (LC-MS) 

[17,18], making multiple measurements necessary for each sample. Long LC separation 

times are also required due to their high structural similarity and numerous isomers. Thus, 

new broadly useful and higher throughput approaches are desired for effective analyses of 

intact PAHs, PCBs, PDBEs and their metabolites. Ion mobility spectrometry coupled with 

mass spectrometry (IMS-MS) is an attractive approach for these studies due to its 

capabilities of separating isomeric structures on a millisecond time scale and enabling rapid 

structural and mass analyses [19–22] (Schematic for IMS separation principle is shown in 

Fig. 1b). Previous IMS analyses of a small number of PAH and PBDE standards illustrated 

that IMS is capable of analyzing and separating these nonpolar molecules [23–26]. In this 

work we further evaluated IMS-MS for the rapid characterization of PAHs, PCBs, PBDEs 

and their hydroxylated metabolites with different ionization methods including electrospray 

ionization (ESI), atmospheric pressure chemical ionization (APCI) and atmospheric pressure 

photoionization (APPI).

2. Materials and methods

2.1. Chemicals, solvents and sample preparations

PAH, PCB and PBDE standards were purchased from Sigma-Aldrich (St. Louis, MO) and 

AccuStandard Inc. (New Haven, CT) and high purity solvents including water, methanol, 

acetonitrile, hexane, acetone, toluene and dichloromethane were purchased from Thermo 

Fisher Scientific (Waltham, MA). The PAH, PCB and PBDE standards were dissolved in 
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toluene and diluted in v/v 50:50 methanol:acetone or acetonitrile to a final concentration of 

1–5 μM.

2.2. Drift tube IMS analysis and CCS measurements

An Agilent 6560 IMS-QTOF MS (Agilent Technologies, Santa Clara) equipped with the gas 

kit upgrade was utilized for all of the drift tube IMS (DTIMS) measurements in this work 

[27,28]. PAHs, PCBs and PBDEs were ionized using APCI and/or APPI where radical, 

protonated and deprotonated forms were observed. Hydroxylaed PAHs, PCBs and PBDEs 

were ionized using ESI, APCI and/or APPI. For the DTIMS CCS measurements, ions were 

passed through the inlet glass capillary, focused by a high pressure ion funnel, and 

accumulated in an ion funnel trap. Ions were then pulsed into the78.24 cm long IMS drift 

tube filled with ~3.95 torr of nitrogen gas, where they travelled under the influence of a 

weak electric field (10–20 V/cm). Ions exiting the drift tube were refocused by a rear ion 

funnel prior to QTOF MS detection and their arrival time (tA) was recorded. The reduced 

mobility (K0, the mobility scaled for standard temperature and pressure) was then 

determined from the instrument parameters by plotting tA versus p/V [29]:

tA = L2
K0

273.15
760T

p
V + t0

where L is the drift length, V is the drift voltage, t0 is the time ion spending outside of the 

drift cell, T is the drift gas temperature, and p is the drift gas pressure. CCS values (Ω) were 

then calculated using the reduced mobility and kinetic theory [29]:

Ω = 3q
16N

2π
μkBT

1/2 1
K0

where q is the ion charge, N is the buffer gas number density at STP, m is the reduced mass 

of the ion nitrogen collision pair, and kB is the Boltzmann constant. All the CCS values were 

measured using seven stepped electric field voltages to obtain the most accurate slope for 

calculation of Ko and each sample was analyzed in both positive and negative ionization 

modes. CCS values are listed in Table S1. The detailed instrumental settings are given in the 

Supplemental Methods, Tables S2–S4, and follow those previously published in an 

interlaboratory examination [30] and a drift tube IMS CCS database study [31]. Each sample 

was measured in triplicate and relative standard deviations (RSDs) were measured for all 

analytes. The Agilent IM-MS Browser software was utilized for all stepped field CCS 

calculations.

3. Results and discussion

In this study, we utilized IMS-MS to characterize over 120 standards corresponding to PAH, 

PCB, and PBDE compounds and their metabolites. Isomers for each xenobiotic class were 

examined with IMS to understand if separation was achievable. The IMS collision cross 

sections (CCS) and m/z trends were also studied for the whole collection of molecules, 

allowing in depth structural information on each class. As a first step of the analyses, we 
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evaluated different ionization methods including ESI, APCI and APPI to determine the best 

ionization method for each compound type. All raw data files are available on the NIH 

Metabolomics Workbench (DataTrack: 1322), if further evaluation is desired.

3.1. Different ionization techniques for polar and nonpolar molecules

ESI is one of the most commonly used ionization techniques for liquid samples and is the 

preferred method for small polar molecules, including amino acids, fatty acids, organic 

acids, glycans and peptides due to its soft nature. ESI also creates multiply charged ions, 

enabling the analysis of very large molecules. However, compounds with lower polarity such 

as most pesticides, herbicides, antibiotics, PAHs, PCBs, PBDEs and their metabolites do not 

ionize well with ESI. Other low energy ionization methods such as APCI and APPI are often 

used to effectively ionize these chemicals while keeping them intact. As shown in Fig. 2, in 

APCI, analytes in solution are first converted into gas phase molecules by a high 

temperature vaporizer and subsequently ionized directly with a corona discharge at 

atmospheric pressure. The ionization of APPI is initiated by 10 eV photons emitted from a 

UV lamp, which ionize compounds with ionization energies lower than this value. Most 

organic compounds can be ionized while background gases and the typical solvents are left 

out. Due to these characteristics, APPI is more selective than APCI, which also ionizes 

atmospheric gases and solvents with the corona discharge-initiated ionization reactions [32]. 

Moreover, a dopant such as acetone or toluene is often used in APPI, which can be ionized 

efficiently and acts as a charge carrier, leading to better sensitivity than APCI in many cases 

[32–34].

In this work, we specifically explored the capabilities of ESI, APPI and APCI for the 

analysis of PAHs, PCBs, and PBDEs and their hydroxylated metabolites. We found, as 

expected, that PAHs, PCBs and PBDEs were ionized efficiently by either APCI or APPI, but 

not ESI. However, their hydroxylated metabolites, OH-PAHs, OH-PCBs and OH-PBDEs, 

were ionized effectively by all three techniques. PAHs were observed to form both 

protonated and radical ions in the positive ionization mode during APCI and APPI, which is 

consistent with previous studies [35,36]. APCI was also found to generate a higher fraction 

of protonated species, while APPI mainly produced radical species and much less of the 

protonated versions. For example, the two PAH isomers, 3,6-dimethylphenanthrene (36T) 

and 2,3-dimethylanthracene (23D), illustrated vastly different ionization properties with the 

APCI and APPI processes (Fig. 3). In APCI, both 36T and 23D displayed a large fraction of 

protonated species, especially 23D which had a dominant protonated form. However in 

APPI, both 36T and 23D primarily formed the radical species. As a result the mass spectra 

obtained from APPI was much simpler to interpret for both identification and quantification 

than those obtained from APCI. Due to similar results for other molecules, APPI was 

selected as our preferred ionization method for the analysis of PAH, PCB and PDBE 

compounds in this study.

3.2. IMS separation of PAHs and OH-PAHs

Since both radical and protonated species are possible with APPI and APCI, we were also 

interested in understanding their CCS size differences. In Fig. 4A, the different ionization 

forms of benzo(a) pyrene (BAP) and benzo(k)fluoranthene (BKF) were evaluated. BAP and 
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BKF are isomers with subtle differences in the ring arrangement. Therefore, we observed 

that both the radical and protonated forms of each could be partially separated with IMS 

with BKF having a longer arrival time and larger structure than BAP in both ionization 

forms. Interestingly, the protonated arrival times and CCS values were larger for both 

molecules than that of the radical forms, indicating the extra proton has an effect on the 

overall size of the molecule.

The hydroxylated metabolites of PAHs (OH-PAHs) can be ionized by either ESI, APCI or 

APPI due to their slightly increased polarity from the hydroxyl group addition. In these 

studies, the OH-PAHs were only observed in the negative ion mode as deprotonated ions. 

For example, the IMS profiles of the deprotonated isomers, 2,3-dihydroxylnaphthanlene 

(23A), 1,5-dihydroxylnaphanlene (1DH) and 2,6-dihydroxylnaphanlene (26T) are shown in 

the left panel of Fig. 4B, where 23A has the shortest arrival time, while 26T has the longest. 

Since 23A has two hydroxyl groups on adjacent carbons, it therefore has a more compact 

conformation. The two hydroxyl groups for 1DH and 26T have more distance on the phenyl 

rings and therefore result in more extended structures, especially for 26T, where the 

hydroxyl groups have the greatest separation. However, as the size of the PAH molecule 

increases, the position of the hydroxyl group does not have as significant of an effect on the 

size of the OH-PAH molecules. For example, benzo(a)pyrene with a hydroxyl group at 

either the 7 carbon position (7-hydroxybenzo(a) pyrene, 7AR) or 12 carbon position (12-

hydroxybenzo(a)pyrene, 1AE) has a very similar arrival time and cannot be separated by 

IMS (Fig. 4B right panel). Thus, higher resolution IMS separations or a combination of 

other separation techniques (i.e. GC or LC) are needed to distinguish these subtle structural 

differences.

3.3. Isomer separation of PCBs and PBDEs

In order to evaluate the capability of IMS to separate other xenobiotics compounds, PCBs 

and PBDEs were investigated. Examples of IMS separations for PCB and OH-PCB isomers 

were shown in Fig. 5. PCBs can by ionized efficiently with APCI and APPI, but not ESI due 

to their low polarities. In our analyses, the PCB molecules were observed to lose one 

chlorine and add an oxygen resulting in the negatively charged ([M-Cl + O]−) species in 

both APCI and APPI. While many of the PCB isomeric structures were very similar, we 

were still able to distinguish most of them with IMS. For example, 2,2′,4,5′,6-

Pentachlorobiphenyl (PCB-103) and 3,3′,4,4′,5-Pentachlorobiphenyl (PCB-126), which are 

two PCB isomers with five chlorines on the biphenyl rings, can be almost baseline separated 

by IMS. PCB-126 which has two chlorines on the para carbons has a more extended 

structure than PCB-103, which only has a single chlorine on the para carbon and the others 

distributed on the ortho or meta positions that are less extended. In addition, it has been 

suggested that PCBs with no chlorine in the ortho positions exist primarily in a planar 

structure, and when two or more chlorines exist in the ortho positions, the molecules are 

likely to form a three-dimensional structure [5]. Therefore PCB-103 with three chlorines at 

the ortho positions (2,2′,6′) is more likely to adapt a more compact three-dimensional 

structure, while PCB-126 with no chlorines in the ortho positions forms a more extended 

planar structure and has a larger size than PCB-103.
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The hydroxylated PCBs (OH-PCBs) were also characterized with ESI, APCI and APPI and 

detected as deprotonated [M H]− species. Since both the parent ions and metabolite species 

were detected in similar forms with APCI and APPI due to the addition of oxygen for the 

parent molecules, ESI was necessary to evaluate the presence of hydroxylated metabolites 

since the parent ions are not present in these analyses. When the OH-PCB metabolites were 

analyzed with IMS, separation was again possible. For example, 2-Hydroxy-2′,3′,4′,5,5′-

pentachlorobiphenyl (6′-OH-PCB-106) and 4-Hydroxy-2′,3,3′,4′,5′-pentachlorobiphenyl 

(4′-OH-PCB-106), two monohydroxylated metabolite isomers of 5-chlorine PCB-106 were 

separated by IMS with 4′-OH-PCB-106 having a larger size than 6′-OH-PCB-106 due to its 

hydroxyl group being present at the para carbon with the largest distance from each other. 

This is also consistent with 6′-OH-PCB-106 having two groups (chlorine and hydroxyl 

groups) at the ortho carbons forming a more compact three-dimensional configuration, while 

4′-OH-PCH-106 remains as a planar structure.

Similar to the PCBs, the PBDE parent molecules were observed in their [M-Br + O]− form 

with both APCI and APCI, and could not be ionized by ESI. Again separation of the isomers 

was possible as illustrated in Fig. 6 for 2,3,4,5,6-Pentabromodiphenyl ether (PBDE-116) and 

2,2′,3,4,4′-Pentabromodiphenyl ether (PBDE-85), which had very different IMS profiles 

allowing baseline separation. This is expected as all of the bromines for PBDE-116 are 

localized on one phenyl ring, while the bromines for PBDE-85 are distributed on each 

phenyl ring, resulting in a larger size. The hydroxylated PBDEs (OH-PBDEs) were also 

evaluated and detected as deprotonated ions in ESI, APPI and APCI. Again since both the 

parent PBDE ions and metabolite species were detected in similar forms with APCI and 

APPI due to the addition of oxygen, ESI analyses were necessary to evaluate the presence of 

the hydroxylated metabolites. The OHPBDE were also analyzed with IMS and again 

separation was possible as shown by the 5-bromine PBDEs, 3-OH-PBDE-100 and 4′-OH-

PBDE-101, where 3-OH-PBDE-100 had a smaller structure than 4′-OH-PBDE-101 due to 

its bromine placements. Thus, the isomeric separations of the PCBs, PBDEs, and their 

metabolites show great promise for using the rapid IMS analyses on these xenobiotic 

compounds in more complex mixtures.

3.4. IMS-MS trend lines for PAHs, PCBs and PBDEs

To understand the structural differences of PAHs, PCBs, PBDEs and their metabolites, over 

120 standards were characterized by IMS-MS. The measured CCS and corresponding m/z 

values are shown in Fig. 7. The trend lines for the PAHs clearly illustrated that both the 

protonated parents, radical cations, and deprotonated hydroxylated metabolites are crowded 

in the lower left region of the CCS vs m/z plot. This suggests PAHs are smaller in mass 

(100–350 Da) and structure than PCBs or PBDEs since they do not have chlorine or bromine 

functional groups. Both PCBs and PBDEs gradually grew in CCS as the number of the 

chlorines or bromines increased. Moreover, the CCS values for PCBs are larger than that of 

the PBDEs with the same m/z values, indicating PCB have a larger structure than PBDE. 

While this seems counterintuitive when just comparing the presence of chlorine or bromine, 

the ring attachment must also be considered. Since the phenyl groups for the PCBs are 

connected through a carbon-carbon bond, the two aromatic rings can rotate freely. On the 

other hand, the two phenyl rings in PBDEs are connected through an oxygen atom forming 
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an ether linkage. The electron density of the phenyl rings and the oxygen are conjugated to 

form a stable planar structure and the phenyl rings have a more compact backbone, causing 

the PBDEs to have a smaller size than the PCBs. The CCS information obtained for the 

PAHs, PCBs, and PBDEs provide the basis for future analyses of complex environmental 

and biological samples for the identification of both known and unknown molecules.

4. Conclusions

In this work, we characterized over 120 PAHs, PCBs, PBDEs and their metabolites using 

IMS-MS with APPI, APCI and ESI sources. The PAHs were observed as both protonated 

and radical ions, while the OH-PAHs were detected as deprotonated species. PCBs and 

PBDEs were observed as [M-Cl + O]− and [M-Br O]− and their OH PCB and OH-PBDE 

metabolites were detected as deprotonated ions. Since both the parent ions and metabolite 

species for the PCBs and PBDEs were detected in similar forms with APCI and APPI, ESI 

analyses are necessary to determine when hydroxylated metabolites are present in complex 

samples. In the analysis of the isomers for the PAHs, PCBs, PDBEs, and their metabolites, 

many were distinguished by IMS with some almost baseline separated. The ability to 

distinguish the isomers of each xenobiotic class illustrates the great promise of IMS for 

analyzing and separating these compounds in future studies of complex environmental and 

biological samples. While many IMS isomeric separations were illustrated in this 

manuscript for PAHs, PCBs, PBDEs and their metabolites, some if the isomers had very 

close CCS values as shown in Table S1. This occurs due to the rigid nature of PAHs, PCBs 

and PBDEs and indicates that either additional separations (i.e. LC or GC) or higher 

resolution IMS techniques, such as those recently developed using structures for lossless ion 

manipulations (SLIM) [37–39], may be required. However, this study lays the ground work 

for determining which ionization sources are needed and what species will be detected for 

the PAH, PCB, and PBDE molecules of interest.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Cross sections for >120 PAHs, PCBs, PBDEs and their metabolites were 

characterized using IMS-MS with APPI, APCI and ESI.

• Many of the isomers for the PAHs, PCBs, PDBEs, and their metabolites, were 

distinguished by IMS.

• Structural trend lines were observed for the xenobiotic classes with PAHs 

having the smallest sizes relative to m/z.
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Fig. 1. 
a) Representative chemical structures of PAHs, PCBs and PDBEs. PAHs consist of fused 

benzene rings (i.e. naphthalene, anthracene and benzo(a)pyrene) as shown in the top panel, 

while the different phenyl linkages and nomenclature of PCBs and PBDEs are shown below. 

For the PCBs and PDBEs, chlorines and bromines are substituted for hydrogens at the 10 

possible positions on the two phenyl rings and they are numbered as 2 to 6 on the first ring 

and 2′ to 6′ on the second. The 2, 2′, 6 and 6′ positions closest to the diphenyl (or 

diphenyl ether) bond are described as ortho, while para corresponds to the 4 and 4′ 
positions and meta has the 3, 3′, 5 and 5′ positions. The number and location of chlorines 

and bromines determine both the physical and biological activities of each molecule. b) A 

schematic of ion mobility spectrometry separation principle. Briefly, in an IMS separation, 

the ions travel through a drift cell filled with buffer gas (i.e. N2) under the influence of a 
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weak electric field. The separation depends on the mass, charge and the shape of the ions. 

For isomers with the same m/z, compact structures will travel faster than more extended 

structures.
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Fig. 2. 
Different ionization techniques for polar and nonpolar molecules. Electrospray ionization 

(ESI) is mainly used for polar compounds, while atmospheric pressure chemical ionization 

(APCI) and atmospheric pressure photoionization (APPI) are needed for molecules of lower 

polarity. PAHs: polycyclic aromatic hydrocarbons; OH-PAHs: hydroxylated PAHs; PCBs: 

polychlorinated biphenyls; OH-PCBs: hydroxylated PCBs; PBDEs: polybrominated 

biphenyl ethers; OH-PBDEs: hydroxylated PBDEs.
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Fig. 3. 
PAHs were detected as protonated and/or radical forms using APCI and APPI. Different 

radical and protonated amounts of 3, 6-Dimethylphenanthrene (36T) and 2, 3-

Dimethylanthracene (23D) were observed in the mass spectra due to the difference in the 

APCI and APPI processes.
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Fig. 4. 
IMS separations of a) PAHs and b) OH-PAHs. a) IMS separations of the isomeric PAHs 

benzo(a)pyrene (BAP) and benzo(k)fluoranthene (BKF) in their radical and protonated 

forms illustrate BAP is smaller than BKF in both cases. Longer arrival times are observed 

for the protonated species of both PAHs, illustrating how the proton increases the CCS 

size.b) IMS separations of isomeric OH-PAHs illustrate a case where IMS is able to 

distinguish one set of depronated isomers and one case where it cannot. The chemical 

structure of each molecule is shown.
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Fig. 5. 
IMS separations of a) PCBs and b) OH-PCBs. The position of the functional groups for each 

molecule illustrates interesting changes in the molecular separations.
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Fig. 6. 
IMS separations of a) PBDEs and b) OH-PBDEs again showed that the placement of the 

function groups influence the total structural size of the molecules.
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Fig. 7. 
CCS versus m/z trend lines for the detected PAHs, PCBs and PBDEs and their metabolites. 

In most cases, PAHs were found to have the smallest structural sizes relative to the m/z 

values, while PCBs had the largest.
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