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Gas-phase Dimerization of Dimethylaniline in an
External Electrospray Transform MassFourier
Spectrometer
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N,N-Dimethylaniline (DMA) is a common starting material in graft copolymerization and photopolymerization
processes when combined with an organic acid. Several anodic oxidation studies of DMA, in an acidic medium,
have been performed. Numerous electrochemical studies imply that DMA has a tendency to dimerize, forming the
tail-to-tail coupling product N,N,Nº,Nº-tetramethylbenzydine (TMB). Here, external electrospray ionization
Fourier transform mass spectrometry was used to investigate the dimerization and charging characteristics of
DMA in an acidic medium in the absence of an applied electrochemical technique. DMA forms both tail-to-tail
and head-to-tail dimer products, and the di†erent linkage types were determined by employing tandem mass
spectrometry for structure elucidation. In addition, it was found that desolvated protonated DMA ions accumulated
and stored in the hexapole ion guide for 1–10 s before transport to the trapped ion cell can undergo gas-phase
ion–molecule reactions to form dimeric products, including doubly charged species. Hence the hexapole storage
region can be used to conduct ion–molecule reactions away from the low-pressure ion trap. 1998 John Wiley &(

Sons, Ltd.
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INTRODUCTION

N,N-Dimethylaniline (DMA) is a common starting
material in graft copolymerization and photo-
polymerization processes when combined with an
organic acid. For example, DMA is used as a starting
material for the polymerization of vinyl monomers.1
DMA coupled with copper (II) ion, in an acidic
medium, has been shown to initiate graft copolymer-
ization of methyl methacrylate onto natural rubber.2
Ghosh and Chowdhury3 showed that DMA is an e†ec-
tive photoinitiator for the photopolymerization of
methyl methacrylate when combined with an organic
acid. A common trend noted in the above investigations
is that the acid medium e†ects the nature and utility of
the Ðnal polymer product, and therefore plays an
important role in the functionality of DMA. In another
study, Oyama et al.4 formed an ionene polymer of
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DMA from electrochemical synthesis in an acidic
medium. The resulting product found utility as an
anion-exchange Ðlm.

Historically, anodic oxidation studies of aromatic
amines in acidic media have been investigated with the
intention of understanding the mechanisms of electro-
chemically generated products in situ.5h9 The chemistry
of aromatic amine compounds is dominated by the lone
electron pair on nitrogen leading to the formation of
oligomeric and polymeric products.10 Dimeric products
of aromatic amines are often referred to as having head-
to-tail (htt) or tail-to-tail linkages (ttt).5,8,11 Dimeric
products of aniline have served as simpliÐed model
systems for understanding and characterizing polyanil-
ine.12 The tendency for DMA to form the (ttt) dimer
product N,N,N@,N@-tetramethylbenzydine (TMB) when
subjected to electrochemical conditions is well
known.13h16 A number of possible mechanisms for
TMB formation have been proposed involving electron
transfer reactions, including those involving paraÈpara
and orthoÈpara ttt couplings.13h16 Neubert and
Prater16 suggested a pseudo Ðrst-order net reaction for
the formation of TMB in which dimerization occurs
between neutral radicals. An interesting investigation
using thermospray ionization mass spectrometry was
evaluated as a tool to detect electrochemically gener-
ated products from solution with DMA as the model
compound.17 The investigators reported the formation
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of TMB consistent with previously postulated mecha-
nisms, in addition to evidence of the formation of DMA
trimers.

Tandem mass spectrometry (MS/MS) is a technique
well known for its power in elucidating ion struc-
tures.18,19 Despite this, no studies employing MS/MS
to investigate the structural nature of DMA “dimersÏ in
an acidic solution medium (in the absence of applied
electrochemical means) proposed in the electrochem-
istry literature have been performed. Recently, electro-
spray ionization mass spectrometry (ESI-MS)20 has
emerged as a tool to study compounds that can be
ionized in solution via or Lewis acidÈBrÔnstedÈLowry
base chemistry. Van Berkel et al.21 have shown that
aromatic amines can be analyzed via ESI in an acidic
medium, whereby a nitrogen atom in the amino form is
transformed into its quaternary ammonium form. It is
well established that quaternary nitrogen compounds
can be weakly electrophilic.22 The dimethylamine group

N] on neutral DMA is a strong electron donor,[(CH3)2making it susceptible to attack from weak electro-
philes.23 These characteristics suggest the possibility
that protonated DMA ([DMAH]`) and DMA could
combine in solution to form an ionene dimer.

Here, a commercial external electrospray ionization
Fourier transform (FT) mass spectrometer employing a
linearized InÐnity cell24 was used to investigate the
dimerization and charging characteristics of DMA in an
acidic solution. Tandem mass spectrometry was
employed to help distinguish between htt and ttt
dimeric products. Tandem ESI-FTMS reveals that in an
acidic medium, DMA forms a variety of dimeric pro-
ducts encompassing structures with either htt or ttt
linkages. In addition, prolonged storage in the hexapole
ion guide in the external ESI source shows evidence of
gas-phase reaction of monomeric [DMAH]` and DMA
to form a variety of dimeric ionÈmolecule reaction
product ions, suggesting a general utility of the hexa-
pole ion guide for conducting high-pressure ionÈ
molecule reaction experiments.

EXPERIMENTAL

ESI-FTMS instrumentation

All experiments were conducted on a Bruker (Billerica,
MA, USA) BioApex 30es Fourier transform mass
spectrometer equipped with an Analytica of Branford
(Branford, CT) ESI source with an Iris hexapole ion
guide. A similar ESI source has been illustrated and
described previously by Lau et al.25 The instrument
design and a description of the 3.0 T magnet and
pumping system used here have been reported else-
where.26 A Cole-Palmer (Vernon Hills, IL, USA) Series
74900 infusion pump was used to inject analyte samples
continuously into the ESI source at a rate of 60 ll h~1.
Nitrogen countercurrent drying gas (290 ¡C) at a Ñow
rate of 1È2 l min~1 was used to desolvate droplets pro-
duced by the ESI source. A potential between [3.6 and
[3.8 kV (relative to the grounded needle) was applied
to the metal-capped glass capillary. Ions were injected
into the InÐnity cell,24 having a 2.0 V trapping voltage,

using the Sidekick method.27 Frequency-sweep excita-
tion from m/z 10 to 700 was applied at an amplitude of
D 44È63 Detection was in the direct mode (500Vpp .
kHz Nyquist bandwidth) from time domain data sets of
128K (ten scans per experiment). The data sets were
apodized with a Gaussian function, Fourier trans-
formed and displayed in magnitude mode. Zero-Ðlling
was not employed.

Tandem mass spectrometry

Parameters used in the tandem MS experiments varied
and are given in the Ðgure legends. In general, corre-
lated sweep was used to isolate the ion of interest. A
pulsed valve was used to admit argon gas (2 ] 10~7È
7 ] 10~7 mbar) into the analyzer trap prior to ion acti-
vation and dissociation by sustained o†-resonance-
induced collision-activated dissociation (SORI-CAD).28

Hexapole ion accumulation study

Desolvated ions were accumulated and stored in the
hexapole ion guide for 1È10 s before transport to the
trapped ion cell. A pressure of 10~3È10~4 mbar was
maintained in the hexapole region by an Edwards
EXT250H turbomolecular pump. The ion storage time
was controlled from BrukerÏs XMASS software on a
Silicon Graphics (Mountain View, CA, USA) INDY 100
MHz R4600PC system operating with 32 MB RAM. All
other parameters were held constant during these
experiments to insure that the observed e†ects were due
to the hexapole storage accumulation time.

Sample preparation

Reagent-grade DMA was obtained from J. T. Baker
(Phillipsburg, NJ, USA) and used without further puriÐ-
cation. All samples were initially prepared as D 3.0 mM

DMA stock solutions in a solvent system composed of
acid (49 : 49 : 2, v/v/v). The pH ofMeOHÈH2OÈacetic

the stock solution was measured with a Hanna Instru-
ments HI 1295 Piccolo plus pH meter and found to be
3.15^ 0.05. HPLC-grade methanol and acetic acid
were obtained from commercial suppliers and used
without further puriÐcation. Sample solutions for ESI
were prepared by serial dilution to produce D 30 kM

DMA for analysis.

RESULTS AND DISCUSSION

ESI-FTMS of DMA

The chemistry of DMA is dominated by the lone elec-
tron pair on nitrogen, accounting for its

base behavior and its ability to formBrÔnstedÈLowry
protonated DMA with the nitrogen in its quaternary
ammonium form.10,21 The values of DMA andpKaacetic acid are 5.15 and 4.74, respectively, suggesting
that protonated DMA ([DMAH]`) can be formed in
solutions containing acetic acid. Figure 1 shows a mass
spectrum of 30 lM DMA in ESI solution [DMAH]` is
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Figure 1. Spectrum of 30 lM DMA acquired by external source ESI-FTMS. Sum of 10 scans.

evident at m/z 122. The peaks at m/z 239, 240 and 241
correspond to singly charged dimeric products of DMA
whose structures are elucidated here by MS/MS (see
below). The peaks at m/z 119.1, 119.6 and 120.1 corre-
spond to doubly charged dimer products whose struc-
tures were also elucidated by MS/MS (see below). Table
1 contains data from the MS/MS experiments on singly
and doubly charged dimer products. An “] Ï entry in
the table corresponds to the tabulated fragment ion
appearing in the dimer speciesÏ tandem mass spectrum.

MS/MS experiments

The product ion tandem mass spectrum (using SORI-
CAD) and fragmentation pathway of the m/z 241 dimer
are illustrated in Fig. 2 and Scheme 1, respectively (the
MS/MS fragmentation pattern remained the same inde-
pendent of the hexapole accumulation time). The m/z
values of the observed product ions are listed in Table
1. The m/z 226, 211, 196 and 181 peaks observed in Fig.
2 occur from consecutive losses of groups. The m/zCH3167 peak corresponds to the loss of four and theCH3sterminal nitrogen. The peak at m/z 77 corresponds to
the phenyl radical cation and m/z 51 occurs from loss of
neutral acetylene from this to form The m/z[C4H3`~].
167 and 77 product ions clearly distinguish the dimer-
ized product at m/z 241 as the proposed head-to-tail
structure in Scheme 1. TMB (tail-to-tail dimer) is ruled
out as a possible structure because the m/z 167 and 77
fragments cannot be generated from such a linkage. The
only way an m/z 167 product ion can be formed from
the dimer is through linkage of two aromatic rings by a

nitrogen atom where the second ring has completely
lost its dimethylaniline functionality
(77 ] 14 ] 76 \ 167 u). Also, SORI-CAD of the m/z
226 fragment ion (produced by dissociation in the ESI

Table 1. Fragment ions from MS/MS of DMA dimersa

Product

ions

observed 241 240 239 120 119.6 119.1

(m /z)b (½1) (½1) (½1) (½2) (½2) (½2)

226 Ã – – – – –

211 Ã – – – – –

196 Ã – – – – –

181 Ã – – – – –

167 Ã – – – – –

106 Ã – – – – –

77 Ã – – – – –

51 Ã – – – – –

225 – Ã – – – –

198 – Ã – – – –

183 – Ã Ã – – –

182 – Ã – – – –

152 – Ã Ã Ã Ã Ã

224 – – Ã – – –

223 – – Ã – – –

208 – – Ã – – –

180 – – Ã – – –

118 – – – Ã Ã Ã

119.1 (½2) – – – Ã Ã –

119.6 (½2) – – – Ã – –

a Ã, Fragment ion appears in the tandem mass spectrum; –, frag-
ment ion does not appear in the tandem mass spectrum.
b ½1 charge state except where shown as (2).
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Scheme 1.

source) generates the m/z 167 product ion (data not
shown), further supporting the fragmentation mecha-
nism shown in Scheme 1. In addition, if the linkage is
tail-to-tail, m/z 77 cannot be generated since the phenyl
rings would have to be disubstituted. Additional evi-
dence in support of the proposed dimeric structure in
Scheme 1 comes from the m/z 196 product ion. The m/z

196 ion can be generated by the loss of from(CH3)2NH
TMBH` (with charge transfer back to the phenyl ring)
or by loss of four from the proposed structure inCH3sScheme 1. An exact mass calculation determined the
m/z 196 peak to correspond to the loss of four CH3s,therefore disqualifying it as a possible fragment of
TMBH`.

Figure 2. Tandem mass spectrum of m /z 241 DMA dimer by SORI-CAD using argon collision gas. An ion activation pulse of 0.3 s (Á4
with a frequency offset of É600 Hz was employed.V

pp
)
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Using electrochemical thermospray MS, Hambitzer
and Heitbaum17 observed the m/z 241 ion from DMA
and proposed that the species was [TMBH]`, a tail-to-
tail product. MS/MS was not used to conÐrm this
assignment. The MS/MS pattern observed for the m/z
241 ion in our studies is only consistent with head-to-
tail coupling, ruling out TMBH` as a possible struc-
ture. To our knowledge, the DMA dimer structure pro-
posed in Scheme 1 has not been reported elsewhere. The
detailed mechanism for how this product is formed in
solution is not known, but it is probably the product of
coupling amino protonated DMA ([DMAH]`) with
neutral DMA. The dimethylamino group on neutral
DMA is a very strong electron donor that can activate
the aromatic ring for orthoÈpara substitution.14 The
electron-donating strength of this substituent is
responsible for making DMA susceptible to attack by
weak electrophiles.23 Nitrogen electrophiles have been
studied extensively and are an integral component for
nitrosation, nitration, diazonium coupling and amina-
tion reactions. SpeciÐcally, aryl azides can react with
triÑuoroacetic acid to generate the ArNH` electrophile,
which can then react with an aromatic ring to form a
diarylamine.22,23 Similarly, we propose that the quat-
ernary nitrogen in [DMAH]` acts as an electrophile
and is responsible for the formation of the proposed
structure in Scheme 1. Electrophilic aromatic substitut-
ion reactions of varying electrophiles and substituents
are governed by a similar mechanism. In the Ðrst step,
the n-electron system and electrophile form a donorÈ
acceptor-type complex. In the second step, the interme-
diate sigma (p) complex is formed in which the aromatic

system is transformed into a cyclohexadienyl cation.
The carbon, at the site of substitution, is bonded to
both the electrophile and its substituent. The last step
involves elimination of the substituent at the site of sub-
stitution (i.e. deprotonation).23 In contrast to classical
electrophilic aromatic substitution reactions, this coup-
ling is unique in that it results in a moiety where the
positive charge is retained at the nitrogen atom. The
location of this charge is similar to what is found in
ionene polymers, where positively charged atoms are
located in the polymeric backbone.29h31

A 30 lM sample of diphenylamine was analyzed
under the same experimental conditions (not shown).
The protonated species occurred at m/z 170 with high
abundance. The positively charged nitrogen in
diphenylamine is formed within a similar environment
(between two phenyl rings) as that proposed for the
dimer product at m/z 241. This supports the idea that
the quaternary ammonium form of nitrogen is stable in
this acidic medium and can exist under the applied
experimental conditions.

The SORI-CAD tandem mass spectrum and frag-
mentation scheme for the m/z 240 dimer are illustrated
in Fig. 3 and Scheme 2, respectively. The m/z values of
the observed product ions are listed in Table 1. The
data suggests a tail-to-tail coupling product. A pro-
posed structure for the m/z 240 dimer is TMB, as illus-
trated in Scheme 2 (see MS/MS evidence to support this
structure below). The predominant mechanism of the
ES ionization source is to assist in desolvating pre-
formed ions in solution. However, Kebarle and co-
workers32,33 and Van Berkel and co-workers34,35 have

Figure 3. Tandem mass spectrum of m /z 240 DMA dimer by SORI-CAD using argon collision gas. An ion activation pulse of 0.5 s at an
amplitude of Á1.6 and a frequency offset of É100 Hz was employed.V

pp
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Scheme 2.

both independently demonstrated its inherent ability to
act as an electrolytic cell due to charge balance require-
ments imposed by continual formation of charged drop-
lets. Rapid and irreversible formation of TMB is known
to occur when under the inÑuence of an anodic poten-
tial.13h16 A possible explanation for the formation of
the proposed structure in Scheme 2 begins with oxida-
tion of DMA at the metal/solution interface of the ES
capillary to produce odd-electron radical cations. These
radical cations could then couple, losing two protons in
the process to form neutral TMB, which itself could be
oxidized at the metal/solution interface to form TMB`~.

The MS/MS evidence supports TMB as the m/z 240
dimer, as shown in Scheme 2. First, loses a[TMB]`~
methyl radical to form the product ion at m/z 225, fol-
lowed by neutral loss of HCN to form an m/z 198 frag-
ment ion. The m/z 183 fragment ion can be produced by
the loss of two methyls and HCN from the precursor ;
additional loss of a hydrogen leads to a fragment of m/z
182, as shown in Scheme 2. The fragment peak at m/z
152 suggests strongly that the dimer linkage is between
two aromatic rings (tail-to-tail).

The SORI-CAD spectrum and fragmentation
pathway of the m/z 239 dimer are illustrated in Fig. 4

Figure 4. Tandem mass spectrum of m /z 239 DMA dimer by SORI-CAD using argon collision gas. An activation pulse of 0.3 s (Á2 V
pp

)
with a frequency offset of É200 Hz was employed.
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and Scheme 3, respectively. The m/z values of the pro-
ducts formed are listed in Table 1. The m/z 239 dimer is
likely to be [TMB2`[ H`]`. The m/z 224 fragment
ion is due to loss of a methyl group, followed by loss of
a hydrogen atom to form m/z 223. The loss of a methyl
group from m/z 223 produces the m/z 208 fragment, the
proposed structure of which is shown in Scheme 3. Two
consecutive losses of 28 u from m/z 208 (to m/z 180 and
to m/z 152) reveals two units on opposing endsNCH2(Scheme 3). Again, the m/z 152 product ion is indicative
of tail-to-tail linkage.

SORI-CAD tandem mass spectra of the ( ] 2) dimer
products are illustrated in Fig. 5(a)È(c) and the product
ion m/z values are listed in Table 1. The mechanisms for
the formation of these products are not known. The m/z
152 fragment peak appears in all the spectra, and sug-
gests tail-to-tail coupling products. The m/z 119.6 (]2)
and 119.1 (]2) dimers are product ions from the frag-
mentation of the m/z 120.1 (]2) dimer. The m/z 119.1

(]2) dimer is also a product ion from the fragmentation
of the m/z 119.6 (]2) dimer. In addition, all tandem
mass spectra of (]2) dimers produce an m/z 118
product ion corresponding to The simi-[C8H8N]`.
larities in the fragmentation patterns for the mass
spectra illustrated in Fig. 5(a)È(c) are probably due to
the close similarities in structure of these doubly
charged dimers.

We propose that the formation of the m/z 119.1 (]2),
119.6 (]2) and 120.1 (]2) dimers occurs from oxida-
tion of either neutral or singly charged TMB. A pro-
posed scheme for the formation of the dimers is
illustrated in Scheme 4. After oxidation to doubly
charged TMB, a proton can be lost to form
[TMB2`[ H`]` (m/z 239, see Scheme 3). This species
may be further oxidized to form [TMB2`[ H`]2`.

Figure 6 presents data from a 30 kM DMA sample
and illustrates the relative ion abundance of monomeric
and dimeric products as the capillary voltage is

Scheme 3.

Figure 5. Tandem mass spectra of ½2 DMA dimers ; (A) m /z 119.1, (B) m /z 119.6 and (C) m /z 120.1. Proceeding from top to bottom, the
SORI-CAD r.f. activation conditions were (A) 0.3 s pulse, Á1.5 É200 Hz off-resonance, (B) 0.3 s pulse, Á1.8 É400 HzV

pp
, V

pp
,

off-resonance and (C) 0.5 s pulse, Á1.2 É100 Hz off-resonance.V
pp

,
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Scheme 4.

increased. A steady decrease in monomeric [DMAH]`
is apparent. The m/z 120.1 and 119.6 dimers increase in
abundance initially and then decrease while the m/z
119.1 dimer steadily increases in abundance. This sup-
ports the idea that oxidation at the metal surface of the
capillary or skimmer may be the source of production
of these dimers. The eventual decrease of the m/z 119.6
and 120.1 dimers probably occurs from nozzleÈskimmer
dissociation, resulting in the loss of one and two hydro-
gen atoms, respectively, to form the m/z 119.1 dimer
product.

Hexapole ion accumulation study

Several interfaces for coupling ES ionization and FTMS
have been developed.36h41 Our commercial FTMS con-
tains an r.f. only hexapole, which serves to store and
accumulate ions immediately following the ES ioniza-
tion source. Ions can be stored in the hexapole for up to
30 s before introduction into the electrostatic ion optic
channel used to guide ions to the FTMS ion trap. By
accumulating precursor ions in the hexapole for

Figure 6. Relative ion abundance, for a 30 lM sample of DMA, of monomer m /z 122) and dimeric products m /z 119.1 (½2);(…, (K, =,
m /z 119.6 (½2); m /z 120.1 (½2); m /z 239 (½1); m /z 240 (½1)) as a function of applied capillary voltage (skimmer held constantL, |, >,
at 47 V).

( 1998 John Wiley & Sons, Ltd. JOURNAL OF MASS SPECTROMETRY, VOL. 33, 45È54 (1998)
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extended trapping times, it is possible to increase
greatly the ion abundances detected in the FTMS trap.
This is especially valuable when an ESI-generated ion is
of low abundance initially without accumulation ; with
accumulation, its population signiÐcantly increases such
that MS/MS of the ion becomes practical. Indeed, for
most applications where the precursor ion does not
react with its neutral form or other molecular species
which may be present in the ESI solvent system (e.g.
non-volatile species), hexapole accumulation of precur-
sor ions is fairly successful. It should be noted that ion
accumulation will not occur if the precursor ion reacts
with neutrals in the molecular beam generated by ESI.
In such cases. ionÈmolecule reactions will occur, and
the precursor ionÏs abundance may actually decrease
while stored in the hexapole, rather than increase.
Figure 7 contains data from a 30 kM DMA sample,
illustrating the relative ion abundances of monomer and
dimers as the ion storage time is increased from 1 to 10
s. Interestingly, the relative abundance of dimeric
species increases while the monomer decreases in abun-
dance with increased ion storage time. Clearly
[DMAH]` formed in the ESI solution is reacting with

neutral DMA in the molecular beam from the ESI
source to form the dimeric ionÈmolecule reaction pro-
ducts. Dimerization of DMA appears to be relatively
facile in the gas phase vs. the liquid phase. One poten-
tial application of this phenomenon could be for con-
ducting ionÈmolecule reactions at high pressure via
introduction of a reagent gas into this region. This
would be useful for conducting slow ionÈmolecule reac-
tions or to keep the reagent gas from the high-vacuum
region where the ion trap is housed and where high
pressure is detrimental to optimal FTMS detection. An
external hexapole/internal trap is analogous to the
dual-trap arrangement42 which has shown high utility
for conducting ionÈmolecule reactions at high pressure
with subsequent transfer of products to a low-pressure
trap for optimal FTMS detection.43

CONCLUSION

ESI-FTMS shows that DMA forms a variety of dimeric
products when in acidic solution. MS/MS of these dif-
ferent dimers shows that most dimeric species have tail-

Figure 7. Plot of relative ion abundance, for a 30 mM sample of DMA, of monomer m /z 122) and dimeric ions m /z 120 (½2);(=, (K, L,
m /z 239 (½1); m /z 240 (½1); m /z 241 (½1)) as a function of storage time (1–10 s) in the hexapole ion guide.|, …,

( 1998 John Wiley & Sons, Ltd. JOURNAL OF MASS SPECTROMETRY VOL. 33, 45È54 (1998)
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to-tail linkages such as TMB and other closely related
structures which are known to be produced by anodic
oxidation of DMA. However, a dimeric species with
head-to-tail linkage is also observed, presumably via
coupling of [DMAH]` to the para position of neutral
DMA. In addition, there is strong evidence for ionÈ
molecule reactions occurring within the hexapole
storage region of the ESI source. This suggests that
reagent gas may be purposefully introduced into this
region through an injection port to facilitate ionÈ
molecule reactions between it and the electrosprayed

analyte ions at high pressure, away from the ion trap in
the high-vacuum region of the FTMS system.
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