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APPLICATION NOTE

Resolution-Enhanced Kendrick Mass Defect Analysis
of Polycyclic Aromatic Hydrocarbons
and Fullerenes in the Diffusion Flame from a Butane Torch
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Abstract. A modified Kendrick Mass Defect
(KMD) analysis was applied to the analysis of
polycyclic aromatic hydrocarbons (PAHs) and ful-
lerenes in the diffusion flame from a handheld
butane torch.
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Introduction

Kendrick mass defect analysis [1] is widely used for the
interpretation of high-resolution mass spectra of petro-

chemicals. The Kendrick mass KM is related to the IUPAC
mass by

KM ¼ observed IUPAC mass

�nominal mass of CH2=exact mass of CH2

ð1Þ

The Nominal Kendrick Mass (NKM) is the nearest integer
Kendrick mass, and the Kendrick mass defect KMD is defined
as

KMD ¼ NKM−KM ð2Þ

Kendrick mass defect analysis can be applied to any com-
pounds that differ by a repeating composition (Bbase unit^)
such as polymers [2–6], bacterial fatty acids [4], or halogen-

substituted compounds of environmental interest [7]. The
Kendrick mass KM expression in Eq. (1) can be generalized to

KM ¼ observed IUPAC mass

�nominal mass of repeat unit=IUPAC mass of repeat unit

ð3Þ

Recently, Fouquet and Sato showed that using fractional
base units can dramatically improve the resolution of Kendrick
mass defect analysis [8]. Fractional base units modify the
variation of mass defects when changing the elemental com-
position. Using a C/11 base unit, replacing 12C by 13C leads to
a variation of mass defect increased by a factor of 24 compared
to a C base unit. Consequently, using C/X instead of C spreads
points along the whole defect range taking full advantage of the
spectral width of the plot. Here, we extend Kendrick mass
defect analysis with fractional base units to carbon clusters
and polycyclic aromatic hydrocarbons (PAHs) using the
IUPAC mass (C = 12.00000) as the base unit.

There are many reports on the formation of PAHs and
carbon clusters, including fullerenes, in flames [9–21]. The
mechanism of fullerene production has been discussed in the
literature, and it has been proposed that PAHs are theCorrespondence to: Robert Cody; e-mail: cody@jeol.com
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precursors of fullerenes [16, 17]. For background on the mech-
anisms of ion formation in flames the reader is directed to
Calcote’s classic paper [22] and an extensive review by Fialkov
[23]. Here, we do not address the mechanism of carbon cluster
ion formation in flames, but focus on data visualization tools
for high-resolution mass spectra of the cluster ions and PAHs.

Experimental
The diffusion flame from a handheld butane torch (ST2200T-
Detail Torch, BernzOmatic, Rochester, NY) was introduced
directly into the sampling orifice (BOrifice 1^) of a commercial
reflectron time-of-flight mass spectrometer (AccuTOF™-
DART® 4G, JEOL USA, Inc.). The direct analysis in real time
(DART-SVP, IonSense LLC, Saugus MA USA) ion source
was retracted to permit access to the sampling orifice of the
mass spectrometer atmospheric pressure interface. The DART
mounting flange provided a magnetic safety interlock to allow
the collection of mass spectra from the flame. Ions were sam-
pled directly into the sampling orifice (designated BOrifice 1^)
from the diffusion flame. The mass spectral acquisition rate

was 1 spectrum s−1 and the resolving power was > 10,000
(FWHM). Positive-ion atmospheric pressure interface poten-
tials were orifice 1 = +20 V, ring lens = +5 V, and orifice
2 = +5 V. The RF ion guide potential was raised from 600 to
2000 V after no significant peaks were observed in the diffu-
sion flame spectra below m/z 200. Although abundant peaks in
the low-mass region were observed in other regions of the
premixed flame, this was not the case for the diffusion flame
where abundant fullerenes were observed. Polarities were re-
versed for acquisition of negative-ion mass spectra. Jeffamine
M-600 and Fomblin Y were measured using the DART ion
source as external mass calibration standards [24, 25].

Fluctuations could be observed in the mass spectrum de-
pending on the exact location in the flame that was being
sampled. Abundant fullerenes were observed for the soot-
forming region near the tip of the diffusion flame. Mass spectra
with relatively abundant carbon clusters and fullerenes were
selected for the examples shown herein. Mass Mountaineer
software (massmountaineer.com) allowed us to rotate mass
defect plots and use the mouse cursor to select regions for
further analysis by resolution-enhanced KMD analysis and
elemental composition determinations.

Figure 1. (a) Positive-ionmass spectrumof the butane diffusion flame, (b) mass defect plot showing separate clusters for PAHs and
carbon clusters, (c) resolution-enhanced Kendrick mass defect plot using C/11 as the base unit for carbon clusters, and (d)
resolution-enhanced Kendrick mass defect plot using C/11 as the base unit for PAHs. Carbons Cn¬ are omitted from the
compositions labeled in (d) for readability
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Results and Discussion
Although a previous study reported that fullerenes were not
observed in soot from butane diffusion flames in the absence of
chlorinated hydrocarbons [14], the positive-ion mass spectrum
of the ions we observed in the diffusion flame was dominated
by molecular ions and protonated molecules for PAHs, carbon
clusters, and fullerenes (Figure 1a). A simple mass defect plot
(mass defect vs. m/z) shows two separate clusters for the PAHs
and the carbon clusters (Figure 1b). Mass Mountaineer soft-
ware was used to highlight and isolate each of the two clusters
for further analysis with resolution-enhanced Kendrick mass
defect analysis.

The resolution-enhanced KMD plot of the carbon clusters
using a fractional base unit corresponding to C/11 (Figure 1c)
shows separation of the molecular ions M+• and the protonated
molecules [M +H]+ and isotopic peaks. The C/11 base unit is
effective in separating C60

+• and C60H
+ and isotopic peaks for

both species. The mass spectrum for each of these species can
be examined by highlighting each region in the resolution-
enhanced KMD plot. The resolving power of the reflectron
TOF mass analyzer is insufficient to separate 12C59

13C1
+ and

12C60H
+.

The resolution-enhanced KMD plot for the PAH cluster is
shown in Figure 1d. By using a C/11 base unit, positive ions
with the general composition CnHx appear along horizontal
lines. Each horizontally aligned group has a constant number
x of hydrogens (7 ≤ x ≤ 22) and varying numbers n of carbons
(20 ≤ n ≤ 60). The points fall within the compositional space
boundaries proposed by Lobodin et al. [26] in that the double
bond equivalents do not exceed 90% of the number of carbons.
Additional species can be identified in the resolution-enhanced
KMD plot at lower m/z that do not fall along the lines for CnHx

species. These are identified by exact mass measurements as
oxidized species having the composition C18-41H11-15O

+.
The mass spectrum of the negative ions in the diffusion

flame is shown in Figure 2a. Abundant ions are observed in the
range above approximately m/z 400, extending beyond m/z
2000. While the peak for C60

−• is clearly more abundant than
neighboring peaks, the most abundant peak in the mass spec-
trum is [C82 + H]−. The mass defect plot in Figure 2b shows
points that essentially fall along a straight line.

This plot does not provide any useful information about the
species present in the negative-ion mass spectrum except for
the fact that there are compositions present that differ only by
the number of carbons. In contrast, the resolution-enhanced

Figure 2. (a) Negative-ionmass spectrum of the butane diffusion flame, (b) conventional mass defect plot for the mass spectrum in
(a), (c) resolution-enhanced KMD plot using C/11 as the base unit for the negative ions, and (d) molecular ion peaks and hydride-
attachment peaks extracted from (a) for the C/11 Kendrick mass defect range −0.04 to +0.11. Carbons Cn are omitted from the
compositions labeled in (c) for readability
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KMD plot using C/11 as the base unit (Figure 2c) shows a
number of distinct species. The most abundant species are
molecular ions Cn

−• and ions attributed to hydride attachment
[Cn + H]−. All of the peaks are assigned the general composi-
tion CnHxOy

− where 0 ≤ x ≤ 6 and y is 0 or 1. For all carbon
clusters except C60, hydride attachment peaks are more abun-
dant than the molecular ion peaks. The resolution-enhanced
KMD plot can be used to select and isolate series of com-
pounds that have the same fractional-base-unit mass defect for
examination or further analysis. For example, Figure 2d shows
a mass spectrum molecular ion peaks and hydride-attachment
peaks separated from the less-abundant peak series. This was
accomplished by selecting the components having C/11 mass
defects within the range −0.04 to +0.11.

Conclusion
Resolution-enhanced KMD plots were created for carbon clus-
ters and PAHs by using fractional IUPAC base units (C/n). The
enhanced KMD plot using C/11 base units for the PAHs
provided a simple way to visualize PAHs with differing num-
bers of hydrogens and revealed the presence of oxidized spe-
cies with the compositions C18-41H11-15O

+. The negative-ion
mass spectrum of the diffusion flame showed peaks extending
from m/z 400 to beyond m/z 2000. The Kendrick enhanced
mass defect using C/11 base units for the negative-ion mass
spectrum revealed abundant molecular ions (Cn

−•), hydride
attachment [Cn + H]− peaks, and minor peaks with composi-
tions C39-168H0-7O0–1

−. Interestingly, the most abundant peak
was not C60

−•, but [C82 + H]−.
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