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Abstract

The “molecular thermometer,”n-butylbenzene, when analyzed by tandem mass spectrometry, produced an unusual product
ion mass spectrum. Instead of the expected tandem mass spectrum containing fragments atm/z91 andm/z92, an unexpected
base peak atm/z 119 was observed. Tandem parameters such asqz, collision-induced dissociation (CID) voltage, trap
temperature, and space charge were examined. Whenn-butylbenzene was analyzed by other ion trap mass spectrometers in our
laboratory and other laboratories, analogous results were obtained. This phenomenon was investigated and found to be
associated with the Varian protocol used in ion isolation during the tandem mass spectrometry experiment on commercial
instruments. Studies were performed in an attempt to cool the precursor ion prior to activation with no change in the mass
spectrum. Comparison ofn-butylbenzene with other butylbenzene isomers gave evidence that rearrangement was taking place
during the isolation of the precursor in the tandem experiment. Thorough investigation of the commercial protocol was
undertaken that linked the cause of the rearrangement to the broadband waveform used in the precursor ion isolation step of
the tandem mass spectrometry experiment. (Int J Mass Spectrom 190/191 (1999) 265–279) © 1999 Elsevier Science B.V.
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1. Introduction

In 1980, Brown described a method of determining
relative activation energies for competing rearrange-
ments and simple cleavages [1]. The premise of this
report is that comparing the ratio of ion intensities
would give data about the competitive processes that
occur during activation. An example of such a com-
petitive process is the fragmentation ofn-butylben-
zene. During activation in a tandem experiment, the

molecular ion fromn-butylbenzene (m/z134) under-
goes rearrangement to formm/z92 or a-cleavage to
producem/z91 (Fig. 1). The rearrangement tom/z92
is the low energy process occurring with 1.1 eV of
activation energy. The higher energy process is an
a-cleavage requiring 1.7 eV to yieldm/z 91. The
simplicity of this fragmentation and the well-character-
ized energetics of this process positionn-butylbenzene
to be considered a “molecular thermometer” to deter-
mine energetics of activation processes and made this
compound popular for mass spectral study [2–17].

Beynon et al. used a modified commercial re-
versed-geometry ZAB-2F mass spectrometer to mon-
itor photodissociation ofn-butylbenzene [2,3]. By
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fitting a quartz window to a special magnet flight tube,
radiation from an argon–ion laser excited mass se-
lected ions in the second field-free region. Changing
the wavelength of the photoexcitation energy pro-
duced changes in the mass spectra, i.e. the base peak
was eitherm/z 92 or m/z 91. These data were then
used to calculate the abundance of these ions relative
to one another based upon their internal energy [3].
Levsen et al. described the rearrangement process that
yields the methylene cyclohexadiene ion (m/z 92)
occurring upon collisional activation and charge strip-
ping excitation ofn-butylbenzene [4] in a magnetic
sector mass spectrometer. A comparison between
collision-induced dissociation (CID) and previous
photodissociation experiments was performed in a
triple quadrupole mass spectrometer by Dawson and
Sun [5]. Insight into the dissociation and fragmenta-
tion mechanics at low energies (#100 eV) is obtained
by comparing the energies of the fragment ions atm/z
91 andm/z 92. In 1983, Harrison and Lin reported
revised critical energies of formation for the fragment
ions ofn-butylbenzene [6], repeating the experiments
of Dawson [5] and Beynon [2,3].n-Butylbenzene was
examined by Dunbar et al. using an ion cyclotron
resonance mass spectrometer to determine that the
energy of them/z 91 formation was 0.6 eV greater
than formation ofm/z92 [7]. Harrison used a ZAB-2F
mass spectrometer to perform charge exchange mass
spectrometry onn-butylbenzene [8]. By comparing

the data obtained for these experiments with CID
results, the average kinetic energy converted into
internal energy at collision was determined. Welch et
al. reported the source temperature dependence for
determining the internal energies in photodissociation
experiments involvingn-butylbenzene [9]. In 1987,
Cooks et al. investigated the fragmentation ofn-
butylbenzene in the quadrupole ion trap [10] to
monitor the energy deposition during the tandem
experiment when ac voltage,qz, andbz values were
changed. Baer et al. used photoelectron photoion
coincidence (PEPICO) with time of flight (TOF) mass
spectrometry to determine the dissociation dynamics
of n-butylbenzene [11]. Vettori et al. used the ratio
m/z 91 andm/z 92 from n-butylbenzene to compare
CID efficiency using a boundary activated dissocia-
tion versus a tickle voltage (resonant excitation) [12].
n-Butylbenzene was used as a model compound for
fast collisional activation mass-analyzed ion kinetic
energy spectrometry (CA-MIKES) experiments utiliz-
ing a ZAB-EQ tandem hybrid (BEqQ geometry) and
a ZAB-4F tandem double focusing mass spectrometer
(B1E1E2B2 geometry) by Thibault et al. [13]. March et
al. published the first evidence that butylbenzene may
fragment via different pathways in the quadrupole ion
trap [14]. In their energy deposition experimentsm/z
134 was activated to the two product ions atm/z92
andm/z91; m/z92 is then isolated and activated in an
MS3 experiment yieldingm/z91 as the product. Tabet
et al. utilized n-butylbenzene in the ion trap to
investigate the tandem parameters during an MS/MS
experiment [15]. Kim et al. determined that the
photodissociation dynamics ofn-butylbenzene occur
competitively on a nanosecond time scale [16]. The
only evidence for other possible products fromn-
butylbenzene were reported in pyrolysis of butylben-
zene by Freund and Olmstead independent of a mass
spectrometer [17]. This survey of the available liter-
ature revealed no publications with reference tom/z
119 as the base peak in the product ion spectrum of
n-butylbenzene and thatn-butylbenzene unequivo-
cally fragments simply via a two channel pathway.

A study of the relative CID energetics of nonyl
phenol and nonylphenyl acetate prompted an evalua-
tion of n-butylbenzene, the “molecular thermometer.”

Fig. 1. The reported literature pathway for the fragmentation of
n-butylbenzene. The rearrangement product requires 1.1 eV of
energy whereas thea-cleavage requires 1.7 eV.
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However,n-butylbenzene did not fragment according
to the literature during the tandem experiment. In lieu
of the base peak being eitherm/z 91 or m/z 92, the
base peak was observed atm/z 119 (Fig. 2). The
tandem experiment was repeated under differentqz

values and CID energies with no change in the
product ion spectrum. These results forced us to
consider the CID fragmentation ofn-butylbenzene in
comparison to that reported in the literature. Using a
number of mass spectrometers and tandem mass
spectrometry software packages, the tandem experi-
ment was carefully examined forn-butylbenzene. A
thorough examination of the tandem mass spectrom-
etry protocol on our commercial instrument was
undertaken to isolate the causative agent for the
unusual fragmentation.

2. Experimental

2.1. Chemicals

The mass spectrometry samples,n-butylbenzene,
tert-butylbenzene,sec-butylbenzene, andiso-butyl-

benzene were purchased from Aldrich (Milwaukee,
WI). Solvents were obtained from Burdick & Jackson
(Muskegon, MI). All analytes were prepared at a
concentration of 100 ng/mL in hexane.

2.2. Synthesis of deuterated n-butylbenzene

Bromoethane (2,2,2-d3) was purchased from Cam-
bridge Isotopes (Andover, MA). Phenylacetaldehyde
was obtained from Aldrich (Milwaukee, WI). The
n-butylbenzene (methyl-d3) was prepared in three
steps from commercially available bromoethane
(2,2,2-d3) in the following manner. Refluxing deuter-
ated bromoethane with triphenylphosphine (1.2
equivalents) in acetonitrile for 36 h gave ethyltriph-
enylphosphonium bromide (methyl-d3). Witting ole-
fination of a phosphorous ylide, formed by lithium
hexamethyldisylazide deprotonation of a phosponium
salt (1 eq LiHMDS, THF,278 °C 3 0 °C) with
phenylacetaldehyde (0.95 eq PhCH2CHO, THF,278
°C3 0 °C, overnight) gave 1-phenylbutene-2 (meth-
yl-d3), which was converted into the desired deuter-
ated butylbenzene by Pd catalyzed hydrogenation (10

Fig. 2. Observed EI/MS/MS spectrum ofn-butylbenzene (activation ofm/z134). The CID voltage was 0.4 V and theqz was set to 0.4. Notice
that m/z92 andm/z91 were present, however,m/z119 was the base peak.
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mol% Pd-on carbon, EtOH, H2, 24 h). NMR was used
to confirm the product. The following coupling con-
stants were obtained: 1H-NMR (300 MHz, CDCl3) d

(ppm): 1.35 (2H,t, J 5 9.3 Hz); 1.60 (2H,m); 2.61
(2H, t, J 5 7.7 Hz); 7.27–7.38 (5H).

2.3. GC/MS/MS

Experiments were conducted on the following
instruments: three Varian 4Ds (Walnut Creek, CA)
equipped with WaveBoard options, a Varian Saturn
2000 with WaveBoard options, and a Trio-3 triple
quadrupole mass spectrometer. The majority of the
experiments were performed using a Varian 4D ion
equipped with Varian’s QISMS and Revision 5.2
software and the Toolkit package. The QISMS soft-
ware package allows control of the tandem experi-
ment by introduction of user selected steps between
ionization and the mass selective instability scan.
Control of time, drive rf, superposition of waveforms
placed on the endcaps in a dipolar fashion, and the
amplitude of these waveforms is permissible. The
software also has the ability to control timing of axial
modulation waveform and the turn on of the electron
multiplier.

A Varian 8200 AutoSampler and 1078 injector
held isothermal at 260 °C operated in split mode
(50:1) were used to introduce 1mL of analyte into a
Varian 3400CX GC. The analyses were performed on
a 30-m DB-5MS (0.25 mm inner diameter (id), 25mm
film) capillary column (J & W Scientific, Folsom,
CA). The column was operated isothermally at 120 °C
for 4 min using helium as the carrier gas.

3. Discussion

To reiterate, the tandem mass spectrum ofn-
butylbenzene obtained in our laboratory on a com-
mercial quadrupole ion trap was significantly different
from that reported in the literature. When the molec-
ular ion of n-butylbenzene (m/z 134) was activated,
three major ions were observed (Fig. 2). The expected
ionsm/z91 and 92 were observed; however, the base
peak wasm/z 119. This observation generated a

number of questions that were immediately addressed
including: (1) Was then-butylbenzene standard con-
taminated with other isomers or other compounds that
resulted in the appearance ofm/z119? (2) Could the
GC conditions (such as sample introduction) cause the
appearance ofm/z119? (3) Do other quadrupole ion
traps or tandem instruments in our organization also
produce this unusual ion? All of these considerations
must be prefaced with the observation that thisn-
butylbenzene sample produced the correct full scan
electron ionization (EI) spectrum as compared to the
National Institute of Standards and Technology
(NIST) library.

Other isomers of butylbenzene were analyzed to
remove concerns about the quality of then-butylben-
zene standard used in this study. Retention time
differences and full scan mass spectra were correlated
with the NIST mass spectral database to confirm
purity and isomer identity. The isomers were chro-
matographically resolved by the GC system eliminat-
ing concerns about contamination (Fig. 3). Interest-
ingly, the unusual tandem mass spectrum obtained for
n-butylbenzene (Fig. 2) looked very similar to the full
scan spectrum oft-butylbenzene (Fig. 4).

Questions concerning the GC system and analyzer
system were next examined. Different injector and
column temperatures were evaluated with no change
in the resulting mass spectrum. Injections were per-
formed as stated in the experimental section (1mL
split at 260 °C isothermal). A range of manifold (trap)
temperatures were evaluated, in each casem/z 119
remained the base peak. The only observable differ-
ence was the CID voltage required to fragment the
precursor (i.e. higher temperature, lower CID volt-
age). The helium bath gas pressure was changed by
adjusting the column volumetric flow rate, which
allowed evaluation of collision frequency on the
production of m/z 119. The resulting product ion
spectrum changed only in the amount of CID energy
required to fragment the precursor;m/z 119 still
dominated the spectrum.

Activation of the molecular ions fromsec, iso, and
tert analogs provided some insight into the production
of m/z 119 from n-butylbenzene. For thesec isomer
m/z 105 was observed as the base peak, a result of

268 T.R. Croley et al./International Journal of Mass Spectrometry 190/191 (1999) 265–279



ethyl loss [Fig. 5(a)]. Theiso isomer, however,
produced a CID spectrum very similar to the literature
spectrum ofn-butylbenzene [i.e.m/z91 from propyl
loss, Fig. 5(b)]. However, activation ofm/z134 from
t-butylbenzene produced exclusivelym/z119, which
was surprisingly similar to the tandem spectrum
obtained fromn-butylbenzene on our Saturn 4D ion
trap mass spectrometer [Fig. 5(c)]. Because of the

similarities between the CID spectra ofn-butylben-
zene andt-butylbenzene, it was presumed thatn-
butylbenzene molecular ion (m/z 134) rearranged to
somet-butylbenzene-like structure during the tandem
experiment.

To rule out an isolated instrumental problem, other
quadrupole ion trap mass analyzers were used to
evaluate the response ofn-butylbenzene during the

Fig. 3. GC/MS chromatograms of the four butylbenzene isomers. The isomers are chromatographically resolved, removing concerns about the
purity of then-BB standard material.

Fig. 4. EI/MS spectrum oft-BB. The similarities between this spectrum and that of the EI/MS/MS ofn-BB are notable.
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tandem experiment. Two additional Saturn 4Ds and a
Saturn 2000 were evaluated in this process. The same
n-butylbenzene standard and freshly preparedn-bu-
tylbenzene standards were introduced into these dif-
ferent GC/MS systems under similar conditions. The
other 4Ds produced tandem mass spectra containing
m/z119 as the base peak at aqz of 0.4 and 0.5 V CID
analogous to spectra produced by the original 4D.
Interestingly, the Saturn 2000 also produced them/z
119 as the base peak from the tandem experiment on
n-butylbenzene. The only difference in the observed
spectra between the Saturn 2000 and the 4Ds was a
change in the relative abundance of the product ions at
the same CID values. The Saturn 2000 has a substan-
tially different design than the 4Ds. The trap elec-
trodes are independently heated, thus eliminating the
temperature gradients in the elements. Varian also
redesigned the three trap elements to reduce their
thermal mass. These design differences were expected

to have a greater impact on the tandem experiment
than that observed.

Returning to the original 4D, ion times were
examined to determine the impact of space charging
on the appearance ofm/z119. A series of dilutions of
the n-butylbenzene standard (1–0.05 ng/ml) were
analyzed by tandem mass spectrometry using a fixed
ion time of 11.0 ms. No differences in the relative ion
ratios were observed over the concentration range
examined. In every case,m/z119 remained the base
peak, thus removing the possibility that space charg-
ing was contributing to this unusual tandem mass
spectrum ofn-butylbenzene.

A VG Trio 3 triple quadrupole mass spectrometer
was also used to examinen-butylbenzene. No signif-
icant m/z 119 ion current could be obtained from
collision activation ofm/z134 with an argon collision
gas. Regardless of the collision energy employed,m/z
92/91 were the most abundant product ions observed.

Fig. 5. MS/MS spectra of the isomers of butylbenzene (a)sec-BB, (b) iso-BB, and (c)t-BB. The precursor ion in each case wasm/z134 and
a qz of 0.4. The amplitude of the CID voltage was tailored for each isomer.
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Thus, this phenomenon appeared to be limited to the
quadrupole ion trap mass spectrometers.

To insure that the observation of them/z119 base
peak was not isolated to our venue,n-butylbenzene
was independently examined offsite [18]. The only
common factor between our experiment and the
independent evaluation was the use of Varian ion trap
instrumentation. The resulting tandem mass spectra
were virtually identical to those produced in our
laboratory (i.e.m/z 119 base peak). Based on the
above discussion, we concluded that production of
m/z119 had little to do with the performance of our
ion trap instruments, but was associated with the
tandem protocol utilized by Varian in their commer-
cial instrument. Something in the Varian tandem mass
spectrometry protocol was apparently contributing to
this unusual product ion spectrum.

Having isolated the production ofm/z119 from the
CID of m/z 134 to Varian ion traps, the standard
Revision 5.2 tandem mass spectrometry protocol on
the Saturn 4D was evaluated in greater detail. Reso-
nant experiments were conducted incrementing the
amplitude of the CID voltage in 0.1 V steps from
0.0–1.1 V at aqz of 0.4. Product ions were normalized
against the total ion current and plotted as the relative

intensity versus CID voltage (Fig. 6). As expected, the
intensity of the precursor ion fell off with increasing
CID voltage. However, instead of the expected in-
crease in them/z92/91 ions, the intensity ofm/z119
increased with increasing voltage, maximizing be-
tween 0.4 and 0.9 V. The intensity ofm/z 92 did
increase following them/z119 trend but fell off as the
high energy product atm/z91 increased to become the
base peak at 1.0 V. The formationm/z119 seemed to
complete withm/z 92. Cooling studies were imple-
mented to explore the persistence ofm/z119. Using
the QISMS software package, a cooling time segment
was inserted between precursor isolation and the CID
step. The isolated precursor (located at aqz of 0.4)
was stored for times ranging from 2–240 ms before
activation at 0.4 V. The relative intensity of product
ions was plotted versus cooling times (Fig. 7). As can
be seen, cooling the precursor had little effect on
product ion ratios and intensities. This lack of re-
sponse indicated that residual energy in the precursor
was rapidly removed and thus not responsible for the
formation of m/z 119. This pointed to a possible
structure modification of the precursor during the
isolation phase of the experiment.

The tandem experiment as performed in other

Fig. 6. A plot of the relative intensity of product ions vs. CID voltage during the tandem experiment (qz 5 0.4). From 0.4 V CID to 0.7 V,
m/z119 was the base peak. At 0.7 Vm/z91 grew to the base peak at 1.2 V.
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laboratories [10,13,15,16] utilizes different precursor
ion isolation methods compared to that of the Varian
proprietary tandem mass spectrometry isolation. Typ-
ically, in other laboratories, the rf drive frequency is
adjusted so that theqz value for a given ion is placed
below the apex of the stability diagram. A negative dc
potential is then applied to the ring electrode to move
the ion to a newaz value below the apex. This
removes ions of lowerm/zaxially whereas higherm/z
ions are lost radially. The dc potential is returned to
zero after;2 ms and the rf is lowered to a predeter-
minedqz for the subsequent activation step.

The Varian commercial tandem mass spectrometry
protocol, as applied ton-butylbenzene, is composed
of 10 temporally isolated steps (Fig. 8). The isolation
of the precursor ion starts during ionization where a
broadband high frequency waveform is applied across
the endcaps to eliminate low-mass ions. This wave-
form reduces nonproductive ion current in the trap
thus reducing space charge. Following a post ioniza-
tion cooling period, two broadband waveforms are
applied across the endcaps in a sequential fashion to
roughly isolate the precursor ion. In steps 1 and 2
(Fig. 8), the first broadband waveform (b134), applied

at 20 Vp–p for 3.0 ms, ejects low-mass ions with
frequencies spanning from;5 kHz above the precur-
sor to 400 kHz. The rf is lowered from 300 digital to
analog converter (DAC) steps to 297 DAC steps
during the first 1.5 ms (step 1). Note: to convert from
DAC to rf voltage, multiply the DAC value by 1.83
(calibration dependent), however, because DAC val-
ues are the required inputs for the QISMS software,
these values will be used in this discussion. The rf is
then returned to 300 DAC steps during the remaining
1.5 ms (step 2). In steps 3 and 4 the second broadband
waveform (a134 also at 20 Vp–p for 3.0 ms) ejects
high-mass ions with frequencies spanning from 20
kHz to just below the frequency of the precursor.
During application of this waveform, the rf is in-
creased from 300 DAC to 312 DAC for 1.5 ms (step
3) and then returned to 300 DAC during the remaining
1.5 ms (step 4). This rf modulation improves isolation
of selected precursor ions by modulating the secular
frequencies of the trapped ions, bringing them into
resonance with the applied waveforms. Fine isolation
of the precursor is achieved by increasing the rf to 820
DAC (;435 kHz). This ramp has two steps, involving
an initial fast step to 788 DAC in 1.0 ms (step 5)

Fig. 7. Relative product ion intensity plotted vs. cooling time inserted prior to activation. Except for the perturbation between 100 and 120
ms, coolingm/z134 had little effect on the product ions.
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followed by a slow step to 820 DAC in 0.896 ms (step
6). In step 6, precursor ions are brought close to the
ejection point, thus ejecting all ions of lowerm/z
values. Axial modulation is implemented during both
steps 5 and 6 to improve the ejection process (i.e.
increase resolution for the ejection of low mass ions).
At the apex, 820 DAC, axial modulation is removed
and a third broadband waveform is implemented that
is referred to as the bbiso waveform. The bbiso
waveform consists of frequencies spanning from 20–
400 kHz, spaced at 500 Hz with amplitude of 30 Vp–p.
The bbiso is on for 0.756 ms whereas the rf is lowered
to 793 DAC (step 7) and maintained for an additional
period of 5.0 ms at 793 DAC (step 8). The bbiso
functions to remove high mass ions, completing
precursor ion isolation. The bbiso irradiation between
20 and 400 kHz should have no effect on precursor
ions, which have 415 kHz secular frequencies during
this process. At the end of the bbiso waveform
irradiation, the rf is reduced to an appropriate DAC
(precursorq) for the CID phase of the experiment and
held there for 1.0 ms to cool the precursor ion cloud
(step 9). The CID waveform is then applied for 18.0
ms at a predetermined amplitude (step 10). At the end
of this process, resulting product ions are scanned

from the trap by a conventional mass selective insta-
bility scan. Although at first glance this process
appears quite complicated and temporally costly, the
entire process only takes 29.7 ms. We have used this
process very effectively to conduct tandem mass
spectrometry experiments on a wide variety of com-
pounds at trace levels. This tandem mass spectrome-
try process has been effective and reliable, with the
only anomalous result to date being that ofn-butyl-
benzene.

Following the lead of March and others, a dc apex
isolation was evaluated on the Saturn 4D instrument.
This was accomplished by building a new tandem
mass spectrometry scan function using the QISMS
software. Once the dc parameters were established to
isolate m/z 134, subsequent activation produced a
product ion spectrum nearly identical to literature
spectra. Thus, the production ofm/z 119 must be
linked to the Varian isolation protocol.

With the problem confined to the isolation phase of
the tandem experiment, a step by step dissection of
this phase of the scan function was initiated using the
QISMS software package. The first experiments in-
volved alteration of the broadband waveforms, b134
and a134, that eliminate the low mass and high mass

Fig. 8. A graphical representation of the MS/MS scan function created by the QISMS software. Steps 1 and 2 are implementation of the1b134
waveform; steps 3 and 4 are the2a134 waveform; steps 5 and 6 are axial modulation with the concurrent rf ramp; steps 7 and 8 are the bbiso
waveform irradiation; step 9 is a cooling period before CID at step 10.
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ions, respectively. Reducing or increasing the peak to
peak voltages of these waveforms did not change the
MS/MS spectrum, i.e.m/z 119 was still observed as
the base peak. When b134 and a134 waveforms were
removed altogether, no change was observed in the
tandem mass spectrum ofn-butylbenzene, thus elim-
inating these steps from them/z 119 problem. Re-
moval of the axial modulation waveform during the rf
ramp also had no effect on production ofm/z119. The
rf ramp was evaluated by constructing a separate
isolation scheme form/z 134. In this new QISMS
schemem/z134 was isolated simply by increasing the
rf to 792 DAC for 5 ms. Low mass fragments were
not axially stable, resulting in a crude isolation ofm/z
134. Activation of the isolatedm/z 134 produced a
product ion spectrum containing only the literature
predicted ionsm/z92 and 91. Them/z119 ion was not
observed. The rf levels employed in this QISMS
scheme were identical to those used in the normal
Varian protocol. In this case, the only difference was
the absence of the bbiso waveform.

In the Varian isolation protocol there are two steps
that employ the bbiso waveform—the initial short

0.756 ms irradiation when the rf is reduced from 820
to 793 DAC (step 7) and the second longer irradiation
of 5.0 ms at 793 DAC (step 8). When these wave-
forms were removed from the standard tandem mass
spectrometry protocol,m/z119 was not observed. In
fact, the mass spectrum produced from this experi-
ment was analogous to the above discussed dc and rf
experiments and mass spectra reported in the litera-
ture (Fig. 9). Subsequent experiments indicated that
the production ofm/z119 was related to the amplitude
and irradiation time of the bbiso waveform in step 8.
During these experiments another interesting obser-
vation was made: The intensity of the product ion
spectrum increased as the bbiso voltage decreased.
The intensity of the product ion spectrum increased
over 50% when the bbiso waveform amplitude was
reduced from the default setting of 30 Vp–p to a new
setting of 20 Vp–p. The QISMS software was used to
turn on the electron multiplier in step 8 of the standard
tandem mass spectrometry protocol. When a digital
oscilloscope was connected to the multiplier pream-
plifier circuit and time correlated to the 5.0 ms bbiso
irradiation, ions were observed escaping from the trap

Fig. 9. EI/MS/MS spectrum ofn-butylbenzene with the broadband isolation waveform removed. The abundance ofm/z92 relative tom/z119
indicated a more literature-like mass spectrum.
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during the irradiation. This demonstrated that the ion
cloud had absorbed energy from the 20–400 kHz
bbiso waveform. As stated earlier, the secular fre-
quency ofm/z134 during the bbiso irradiation would
be 415 kHz; therefore no absorption of energy should
occur.

To further elucidate the impact of the bbiso wave-
form, a second oscilloscope experiment was con-
ducted. This time the oscilloscope was connected to
the output of the waveform generator. The output
signal was captured and Fourier transformed to pro-
duce a power spectrum of the bbiso waveform (Fig.
10). The power spectrum of the bbiso waveform
indicated a prompt rise at 20 kHz and maintained a
reasonably flat power output across the frequency
range. The power in the waveform dropped nicely to
baseline above 400 kHz with no significant contribu-
tion at the frequency of the ion, 415 kHz. Note: The
resonance located at 480 kHz resulted from a small
portion of the axial modulation waveform that was
captured with the bbiso waveform during this exper-
iment.

Because the problem was limited to the bbiso
waveform, experiments focused on quantifying the
effects of the bbiso waveform on the production of
m/z119. Using the Toolkit software, a tandem exper-
iment was performed where the bbiso voltage was
incremented from 0–30 Vp–p while the CID parame-
ters were maintained at 0.5 V CID and aqz of 0.4 (Fig.
11). From Fig. 11, the production ofm/z119 started at

Fig. 10. Power spectrum of the broadband isolation waveform.
Lines were drawn at 20 and 400 kHz. Close investigation revealed
that little residual energy resided at the frequency of the precursor
ion (415 kHz).

Fig. 11. A plot of relative product ion intensity vs. bbiso voltage. As the amplitude of the bbiso voltage increased, the abundance ofm/z119
increased exponentially.
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15 V and increased exponentially to a maximum at 30
V (the default peak to peak voltage). At low bbiso
voltages, the abundance ofm/z 119 was extremely
low and the product ion spectra generated at these
values were consistent with literature spectra. Under
the CID conditions employed in this experiment, the
maximum ion current produced was observed at a
bbiso voltage of 20 Vp–p. At this voltage, the abundance
of m/z119 was greater than literature spectra but was
determined to be a good compromise (Fig. 12).

QISMS was used to evaluate the impact of the
bbiso irradiation time at 20 and 30 Vp–p. At 30 Vp–p,
n-butylbenzene was activated at aqz of 0.4 and at 0.5
V CID. The normalized data were plotted versus the
bbiso time (Fig. 13). As can be seen, when the bbiso
voltage was set at 30 V,m/z119 grew to the base peak
around 3.5 ms within the irradiation time of the default
scan function. As expected, the intensity ofm/z 134
decreased with time. The product ion atm/z92 peaked
at 2 ms, but at longer times the intensity decreased as
the intensity ofm/z 119 grew. At this low CID, the
contributions fromm/z91 were low, as expected.

When the experiment was repeated at a bbiso
voltage of 20 V the results were different. The
normalized data were plotted versus bbiso time as
above (Fig. 14). The precursor ion (m/z134) remained
the base peak for a much longer time at this lower
bbiso voltage (4 ms versus,1 ms for 30 Vp–p)
indicating that the bbiso has an additive effect in the
activation of the precursor during the tandem experi-
ment. As predicted,m/z92 grew to the base peak and
the intensity ofm/z 119 was low until very long
times were imposed (.6 ms). Here again, the
response fromm/z91 was insignificant compared to
the other ions.

At this stage of the project, the production ofm/z
119 during the tandem mass spectrometry analysis of
n-butylbenzene could now be controlled through ma-
nipulation of the bbiso waveform. An attempt was
made to isolate the frequencies responsible by succes-
sive approximation. The bbiso waveform was divided
into two separate waveforms, 20–200 kHz and 200–
400 kHz. The low frequency bbiso did not activate the
production ofm/z 119. However, the 200–400 kHz

Fig. 12. Tandem mass spectrum ofm/z134 at a bbiso amplitude of 20 Vp–p (CID voltage5 0.8 V, qz 5 0.4) which was a good compromise
between ion current and production ofm/z119.

276 T.R. Croley et al./International Journal of Mass Spectrometry 190/191 (1999) 265–279



bbiso waveform was active toward production ofm/z
119. The 200–400 kHz bbiso waveform was again
subdivided. This process was continued until the
bandwidth of frequencies was reduced to 370–400

kHz. No finer isolation was successful because all
these frequencies activated the production ofm/z119
to some degree. A new software control package is
currently under evaluation that will provide fine

Fig. 13. A plot of relative product ion intensity vs. bbiso waveform irradiation time at a constant amplitude of 30 Vp–p (CID voltage5 0.5
V, qz 5 0.4). At 3.5 ms, the intensity ofm/z119 grew to the base peak and remained throughout the study.

Fig. 14. Repeat of the experiment described in Fig. 14 except that the bbiso irradiation waveform amplitude was changed to 20 Vp–p.
Contributions fromm/z119 were not significant for irradiation times.6.5 ms.
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control of the waveboard necessary to pinpoint the
causative frequency.

Having identified the instrumental parameters re-
sponsible for the production ofm/z119, efforts were
directed toward exploring the mechanism for the
production of this unusual ion. As stated earlier, the
tandem mass spectrum ofn-butylbenzene resembled
closely the full scan spectrum oft-butylbenzene
regarding the presence ofm/z119. To further evaluate
this similarity, t-butylbenzene andn-butylbenzene
were subjected to tandem and MS3 experiments,
respectively. Fort-butylbenzene,m/z119 was isolated
and activated to give the product ion,m/z91. When
n-butylbenzene was analyzed by MS3 (m/z134 tom/z
119 to products), a product ion atm/z 91 was also
obtained, pointing to a possible similarity in ion
structure. This led to a number of questions about the
structure of this unusualm/z119 product ion.

A deuterium isotope labeling study was initiated to
illuminate the rearrangement ofm/z 134 from n-
butylbenzene. A deuterium labeledn-butylbenzene
was synthesized with the label on the delta carbon

(CD3). The labeled standard had a slightly different
GC retention time than the unlabeledn-butylbenzene
and produced the expected full scan spectrum with the
correct molecular ion (m/z 137). The proton NMR
spectrum confirmed that the deuterium label was
placed on the terminal (delta) methyl group. Tandem
mass spectrometry analysis ofm/z 137 from the
labeledn-butylbenzene using the default bbiso param-
eter (30 Vp–p) produced a cluster of peaks atm/z119,
120, 121, and 122 (Fig. 15). This complex pattern of
fragmentation was consistent with loss of CD3,
CD2H, CDH2, and CH3, respectively. This scrambling
of the deuterium label was possibly due to hydrogen
shifts and methyl migrations to an ion structure
similar to that oft-butylbenzene. Although not con-
clusive, this result does confirm that the radical
molecular cation (m/z134) fromn-butylbenzene upon
irradiation by the bbiso waveform (20–400 kHz)
rearranges to at-butylbenzene-like ion that subse-
quently fragments during the CID activation to pro-
ducem/z119.

Fig. 15. Tandem mass spectrum of the deuteratedn-BB standard. The molecular ionm/z137 is activated at 0.5 V CID at aqz of 0.4 with a
bbiso amplitude of 30 Vp–p. The presence of the ion peaks observed atm/z119, 120, 121, and 122 indicated scrambling of the deuterium label
during the tandem mass spectrometry experiment that indicated rearrangement.
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4. Conclusion

It has been determined that the bbiso broadband
isolation waveform activated the molecular ion of
n-butylbenzene to rearrange to at-butylbenzene-like
analog under tandem conditions. Cooling the precur-
sor prior to CID has no effect on the isomerization
mechanism. When the amplitude of the broadband
isolation waveform is decreased from 30–20 V,
isomerization does not occur. The exact nature of the
process activated by the bbiso has not been fully
elucidated. However, the possibility exists that among
the many secondary motions exhibited by an ion, one
may have a frequency component that resonates at
around 375 kHz. This secondary motion, when ex-
cited, could lead to a different type of collision
process than the traditional translational collision
process and stimulate the unexpected result observed
in this work.

This study has several significant consequences. If
the isomerization of precursor ions in the tandem
experiment can be predicted and controlled through
the application of waveforms, then the differentiation
of structural isomers by mass spectrometry would be
possible. Secondly, since the ion current observed
from a tandem experiment was directed related to the
voltage of the bbiso, control of this variable could
lead to more sensitive analyses than currently avail-
able. The impact of the bbiso waveform on the
sensitivity of trace analysis is currently under inves-
tigation.
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