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Abstract

Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry has become an important technique to characterize the chemical
structure of industrial polymer materials. MALDI methods have been developed to address a broad variety of different polymer materials,
containing different chemistries. One of the key aspects of the typical MALDI experiment is the generation of intact molecular ions. The
development of MALDI post-source decay (PSD) techniques has opened a new method to obtain chemical structure information from MALDI
experiments. PSD provides an accessible MALDI MS/MS experiment that can be done on most commercial time-of-flight (TOF) reflectron
instruments. MALDI PSD techniques have been successfully applied to a variety of synthetic polymers. This work explores the applicability
of MALDI PSD methods to relatively low molecular weight ethoxylated surfactants. In these experiments, we show the PSD fragmentation
mass spectra of some ethoxylated surfactants, explore the mechanisms for the fragmentations, investigate the effect of different alkali cations,
and compare the fragments from isobaric surfactant molecules.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The development of MALDI post-source decay (PSD)
techniques has opened a new method to obtain chemical
Matrix-assisted laser desorption/ionization (MALDI) structure information from MALDI experimen{8,9]. PSD
mass spectrometfil—4] has become an important technique provides an accessible MALDI MS/MS experiment that can
to characterize the chemical structure of industrial polymer be done on most simple, commercial time-of-flight (TOF)
materials[5—7]. MALDI can generate important data on reflectron instrumentgl0] and does not require the more
the telomer repeat units, end groups, and average molecucomplex and expensive quadrupole-orthogonal TOF, hybrid
lar weights of these materials. MALDI methods have been magnetic sector or Fourier transform mass spectrometer
developed to address a broad variety of different polymer ma- (FTMS) instruments used to conduct the traditional collision-
terials, containing different chemistries. One of the key as- induced dissociation (CID) MS/MS experiments. It needs to
pects of the typical MALDI experiment is the generation of be noted here that the traditional CID MS/MS experiments
intact molecular ions. MALDI mass spectra generally show generally produce superior data to PSD data.
little fragmentation. The production of intact ions is vital for In PSD, the desired ion is selected in the linear portion of
the quantitation of average molecular weights, but limits the the TOF flight tube using an electrostatic gate near the source.
amount of chemical structural information that can be ob- The mass resolution at this pointin the experimentis not very
tained from the data. high, so a relatively broad range of masses is selected, com-
pared to a traditional MS/MS experiment on a sector instru-
* Corresponding author. Tel.: +1 610 481 8036; fax: +1 610 481 6578. Ment. Theions arriving atthe gate atthe desired time will pass
E-mail addresshantonsd@airproducts.com (S.D. Hanton). into the TOFMS. Fragmentation in PSD is accomplished by
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significantly increasing the desorption laser fluence, which  One of the motivators of this work is to evaluate the capa-
increases the number of gas phase species escaping the subility of MALDI PSD to elucidate the relative chain length
face of the sample and expanding in the desorption plume.isomers of the S4XX telomers. The two EO chains, X and
The greater plume density increases the number of collisionsY, can vary in size yet have the same mass. Previous studies
experienced by the selected ion(s). In atypical MALDI exper- showed that chain length isomers could be differentiated by
iment, the laser fluence is minimized to generate improved gas chromatography (GC), but not by single MS experiments
mass accuracy and mass resolution. In a PSD experiment[17]. Unfortunately, many of these materials have too high a
however, the laser fluence is increased until significant frag- degree of polymerization to be analyzed by GC. If PSD can
mentation is observed. The energy for the metastable decay isneasure the individual chain length isomers, we can extend
delivered from the gas phase collisions, not from directly ab- our study to higher mass telomers.
sorbing the laser light. In many commercial TOF instruments,
PSD spectra are acquired by scanning the reflectron voltage
and collecting the fragment spectrum in several segments. 2. Experimental
MALDI PSD was initially reported for experiments on
proteins and peptides and there have been numerous report.1. Chemicals
of biomolecule PSD fragmentation sped8h Itis a valuable
method employed to sequence unknown peptides. The PSD The S4XX samples were obtained from Air Products and
technique has also been successfully applied to a variety ofChemicals, Inc. (Allentown, PA). The polyethylene glycol
synthetic polymerfl1-16] These experiments have demon- (PEG) 1000 sample was obtained from Sigma—Aldrich Fine
strated the capability of PSD experiments to create useful Chemicals, Inc. (Milwaukee, WI). The ethoxylated octade-
MS/MS data on polymer analytes, often shedding light on canol was obtained from BASF. The samples were prepared
the chemical structure of these materials. for MALDI using the matrices 2,5-dihydroxybenzoic acid
This work explores the applicability of MALDI PSD  (DHB) and alpha-cyano-4-hydroxycinnamic acid (CHCA),
methods to relatively low molecular weight ethoxylated sur- which were both obtained from Sigma-Aldrich. Samples
factants. Many of these materials are known to generate in-doped with a specific alkali salt used the Li, Na, or K hy-
tense MALDI mass spectfd7]. We wish to see if they will droxides obtained from Aldrich. All chemicals were used as
also generate useful PSD fragmentation spectra. If so, wereceived. The PSD spectra were calibrated using ACTH clip
will be able to use MALDI to probe further into the chemi- 18-39 obtained from Sigma—Aldrich.
cal structures of these materials. We will also investigate the
effect of different alkali cations, compare isobaric surfactant 2.2. Sample preparation
molecules, and compare gemini surfactants to those contain-
ing single ethoxylate chains. Analytes were prepared as 5 mg/ml solutions in methanol
While a variety of ethoxylated surfactants will be explored or tetrahydrofuran (THF). All of the analytes in this study
in these experiments, the bulk of the experiments are focusedwere readily soluble in either solvent. The analyte solutions
on Surfynof 4XX (S4XX, XX =40, 65, and 85), acommer-  were mixed 1:7 by volume with 0.25 M matrix solutions in
cially available series of telomeric ethoxylated surfactants. the same solvent. If a sample was doped with a particular
The increasing XX values indicate increasing amounts of alkali cation, an equal amount to the analyte solution of an
ethoxylation on a backbone of 2,4,7,9-tetramethyl-5-decyne- 0.025 M MOH (where M =Li, Na, or K) solution was added.
4,7-diol (SurfynoP 104), as shown ifFig. 1 In most cases, Na was not added to these samples. If the
The performance of these materials as surfactants dependsamples were prepared in soft glass vials, sufficient Na was
on the degree of ethoxylation. Surfyffosurfactants offer ~ present in the samples. If Na needed to be excluded from the
several advantages: rapid migration, low dynamic surface sample preparation, then the samples were prepared in plastic
tension, defoaming, FDA compliance, and stability in high vials. All samples were deposited by the dry drop method us-
electrolyte brine systems. ing approximately 0.5-1.Ql of the mixed solution. Samples
were allowed to dry under ambient conditions. Onepd.5
deposition provided sufficient sample for at least two PSD
experiments.

HsCY\%/\(CHs
H;C o) 0 CHs 2.3. Mass spectrometry
'—éy ’?—‘ All of the MALDI experiments were conducted on a
d o Bruker Biflex Il (Billerica, MA) TOF mass spectrometer.
b‘ﬁl X LH/—l y These experiments were all conducted in reflectron mode us-
x+y=n ing delayed extraction. The Biflex was equipped with a nitro-

Fig. 1. The chemical structure of the S4XX surfactants.

gen laser operated at 337 nm. For normal MALDI, the laser
fluence was minimized to just above threshold for ions. In
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Fig. 2. MALDI mass spectrum of S465 + Nahowing three telomers of interest, 469, 645, and 909 D.

PSD mode, the laser fluence was increased producing signif-3. Results and discussion
icant fragmentation. The source conditions of the mass spec-
trometer were optimized for mass resolution around 1000D.  Fig. 2 shows the MALDI mass spectrum of a sample of
Spectra were collected by moving the laser around the sur-S465 surfactant with sodium cationization. We readily mea-
face of the sample and averaging 100 shots/spectrum. Thesure the distribution of ethoxylated telomers and can verify
data were analyzed using Bruker Xtof software set for aver- the repeat units, end group mass and measure the average
age segments mode. The mode used to stitch the segmentsiolecular weights. The PSD gate on the Biflex can easily
together does impact the relative peak heights of the fragmentisolate a single telomer from this distribution. In more com-
ions. plex samples, more than one species may be passed through
To obtain the PSD spectra, the ion gate was optimized for the gate. The minimum gate width for these experiments was
the target analyte ion. Typically, the gate was setf@0 D. about+10D. InFig. 2 three telomer ions are highlighted,
With a 44 D spacing between the telomers, this was suffi- n=5 at 469 Dn=9 at 645 D, anch=15 at 909 D. Individual
ciently narrow to exclude signal from adjacent telomers, but PSD spectra will be discussed for these three telomers.
sufficiently wide to maintain high ion transmission. The PSD Fig. 3shows the PSD mass spectrum generated from the
spectra were obtained by collecting 14 segment mass spectra469 D ion. Even after increasing the laser fluence to initiate
each with a different reflectron voltage. Itis critical to ensure metastable decay, the target ion is still much more intense
that the reflectron is properly aligned to collect meaningful than the fragment ions, and is far off scale in the figure. This
PSD spectrgl8]. The segment spectra are each calibrated is a typical PSD spectrum from a relatively low degree of
using the well-established PSD spectrum of ACTH clip. We polymerization telomer. The key ion in the PSD spectrum is
calibrated ACTH in both DHB and CHCA, but observed little  the 259 D fragment. This representsthe loss of 210 D from the
difference in the results. The relatively poor mass resolution precursorion and is followed by subsequentfragments spaced
and mass accuracy of the PSD data obscured any meaningfuby 44 D. We see this as the major fragment series for all of the
difference between the two matrices. S4XX analytes studied. IRig. 3, we also see a significant Na
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Fig. 3. MALDI PSD mass spectrum of tme=5 (469 D) ion showing the primary fragmentation pathway of the loss of 210 D.
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Fig. 4. MALDI PSD mass spectrum of tme=9 (645 D) ion showing two different fragmentation pathways. The primary pathway is the loss of 210 D, and the
minor pathway is the loss of 60 D.

ion at 23 D. This indicates that separation of the metal cation spaced peaks. Since the other two main fragment paths show
from the neutral surfactant is an important PSD pathway. peaks spaced by 44 D, they must involve the EO chains. This
For these analytes, the Naon intensity is relatively low new fragment must follow an unrelated mechanism.
compared to that of the other fragments, indicating that the  The main PSD fragment observed for the S4XX telom-
Na' is strongly bound to the surfactd@B]. Thatthe breaking  ers is the loss of 210D from the precursor, followed by a
of covalent bonds is preferred to loss of the attached cationseries of ions spaced by 44 D. The hydrophobe in the ma-
is consistent with a charge remote fragmentation mechanismterial, which has a mass of 226 D. To lose 210D, the frag-
[20,21] In addition to these ions, we also see some less well- mentation must involve the hydrophobe. Also, all of the EO
resolved ions between 300 and 400 D that are not assignedunits in both chains are part of the fragment ionHg. 4,

We see some 44 D spacing among these ions, which indicateshe most intense fragment must have all 9 EO units from
that the EO chains are involved in these fragmentations. the precursor. We can see fragments in the series, contain-
Fig. 4 shows the PSD spectrum of time=9 telomer at ing from 3 to 9 EO units. Fragments smaller than 3 EO

645 D. Again we see the major fragmentation pathway is the units will not have sufficient cationization stability to retain
loss of 210 D leading to a series of peaks spaced by 44 D. Wethe Na& charge[17,19], remain ions, and be observed in the
see some loss of the Na cation, and we see a new series startingxperiment.
with a 60 D loss from the precursor and having several 44D  For all of the EO units to remain in the fragment, at least
steps. The main fragmentation series has ions that are spacetivo covalent bonds must break to separate both EO chains
by 2 D. This is typical of PEG collision-induced dissociation from the hydrophobe. Simpler mechanisms, based on the
(CID) as described in the fundamental work by Selby et al. work of Selby et al[22] were examined, but did not fit some
[22]. These EO chains create PSD fragments similar to the features of the data. These mechanisms were developed from
CID fragmentation of PEG telomers observedaa]. molecules with a single ethoxy chain, which produce sev-
Fig. 5 shows the PSD spectrum of the= 15 telomer at eral different fragment series, some of which are missing in
909 D. This PSD spectrum contains all of the features ob- our spectra. Also, the Surfyrfdlsurfactant analytes in this
served for then=9 telomer inFig. 4, plus a new significant  work are molecules with two ethoxy chains with multiple
fragment at—161 D from the precursor that shows no 44D chain length isomers for each molecular weight (as described

s34V
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Fig. 5. MALDI PSD mass spectrum of tlme= 15 (909 D) ion showing the three different fragmentation pathways.
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Fig. 6. Schematic showing the proposed fragmentation mechanism to generate the loss to 210 series observed in the MALDI PSD mass spectra of the S4XX
telomers.

above). If the simpler mechanisms were applicable, the spec-the mass spectrometer begins to look like a crown ether in
tra would show chain length isomer distributiofi¥]. In- its interactions with the cation. The primary difference being
stead, we observe no chain length isomer dependence in théhat the two EO chains are only connected through the cation
PSD data. The suggested mechanism is consistent with allinteraction.

of this data, but is not proved by it. If we extend the mech-  The key to this series of fragment ions is the interactions
anisms published by Selby et §22] and invoke the con-  between the EO chains and the cation. Previous work has
cepts of charge remote fragmentati@0] we can generate  shown that the cation can bring the two chains of the S4XX
the mechanism shown Fig. 6. gemini surfactant together to maximize the interacfit®i.

The mechanism we suggest for the series beginning with With this fragmentation mechanism, these interactions are
—210D loss begins with a hydrogen transfer from an EO shown to be stronger than covalent bonds in the molecule.
unit to the alkyne bond, electron density transfer converting It is also interesting to note that the distribution of fragment
the alkyne bond into an allene, and the breaking of the bondions in this series peaks around 9 at 435D. If a telomer
between the tertiary ether and the hydrophobe. The initial hy- has fewer than or equal to 9 EO units, then the most intense
drogen transfer is a McLafferty type rearrangeni@fi and fragment is the peak containing all of the EO units, as shown
the conversion of alkyne to allene functions is known from so- in Figs. 3 and 4 For telomers with more than 9 EO units,
lution phase organic chemistf4,25]. On the opposite side  the most intense fragment peak is around the 435D ion, as
of the molecule, we propose a hydrogen transfer from the EO shown inFig. 5. This distribution is providing information
unit adjacent to the tertiary ether to either the methyl or butyl about the relative stability of the Na cation interaction with
group on the S104 backbone, electron density transfer fromthe EO chains. While we generate no structural information
the EO unit to the tertiary ether oxygen bond to the backbone, about these fragments from these experiments, the peak at
and electron density transfer from the methyl or butyl group n=9 generally agrees with previous experiments optimizing
to the tertiary ether oxygen bond to the backbone creatingthe number of oxygen atoms surrounding the Na cation in
a ketone moiety, a neutral alkane molecule and severing theMALDI drift tube experiments reported by Bowers and co-
bond between the oxygen atom and the rest of the EO chain.workers[26].

At this time, we have no data to determine if either methane  The other fragmentation series observed in the higher mass
or butane is mainly produced during the fragmentation. Per- telomers is shown iRig. 4for then=9 telomer. The fragment
haps in the future, a reionization experiment could be done series begins-60 D from the precursor ion and extends with
to investigate the neutral parts of the mechanism. This mech-44 D spacing. By mass, this loss corresponds tg,E@.
anism is consistent with the observed fragment ion peaks in One possible assignment could be the loss of HO{E®-
these molecules. The remaining fragment ion observed in CH,CHO. It probably represents the loss of EO units near
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Fig. 7. Comparison of MALDI PSD mass spectra forttel5 (909 D) ions prepared using DHB (top) and CHCA (bottom). Fié1 D fragment ion observed
in DHB is not observed when prepared in CHCA.

or at the ends of the EO chains. In these cases, the chargessentially the same. Between 650 and 800 D, however, we
remains with the bulk of the EO units and the hydrophobe see significant differences between the two PSD spectra. The
backbone. These fragments are interpreted to also be chargén of interest, the-161 D fragment, is not observed in the
remote fragmentation, which involves an H transfer to the CHCA matrix. Experiments with matrix blanks, even with
new end unit of the chain. This would indicate that these EO additional sodium added, do not produce thedé1 PSD
units are sufficiently far from the Na cation to not be involved fragments in experiments on our Bruker BiflgX7]. It ap-
in its stability. We only observe this series for the longer chain pears that both the polymer and the matrix must be presentin
telomers because the molecule requires an excess of EO unitthe sample for us to observe these species. We contend thatthe
to exhibit this fragmentation path. —161Dionis aresult of some interaction between the S4XX
Another fragment ion starts to appear for the 11 and telomer and the matrix. We also see some lower intensity ion
higher telomers. We see a fragmentdt61 D from the pre- peaks in the PSD spectrum from CHCA, such as the 719D
cursor ion that is not part of a series of related fragment ions. ion that appears to be the result of some matrix—analyte inter-
We also observe this particular fragment from a number of action. The nature of the matrix—analyte interaction leading
other ethoxylated surfactants (see discussion below). Consid-o this fragmentation path will be the focus of new investiga-
ering the fragmentation mechanisms operating for the othertions and will be reported separately.
fragment paths, this ion appears incongruous. To explore this  In each of the fragmentation paths discussed, the two EO
fragmentation further, we prepared the S465 sample in THF chains of the S4XX telomers work in concert to generate the
with the CHCA matrix.Fig. 7 shows a comparison of the observed fragment ions. While we often see fragmentions in
PSD spectra obtained from the= 15 telomer in DHB (top) the ion series that account for almost all of the EO units in
and CHCA (bottom). Both spectra clearly show the main the chains, we cannot getinformation from these experiments
fragmentation series. Up to about 650 D, the two spectra areabout the chain length isomers. The interaction between the

V=EO, +0+K* 2t

e =Loss of (EO , + O)
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Fig. 8. MALDI PSD mass spectrum for time= 13 (837 D) ion.
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Fig. 9. Comparison of MALDI PSD mass spectra for the n = 12 telomer of an ethoxylated octadecanol surfactant cationized with Na (top) and with Li (bottom
The Li-cationized ion produces a much richer fragmentation spectrum.

EO units and the Na cation are too strong to separate theobtained from then=12 telomer of an ethoxylated octade-

two chains and observe them independently. Unfortunately, canol surfactant. At the top of the figure, is the PSD mass
PSD will not provide the data we were originally looking spectrum from the Na-cationized telomer and at the bottom
for to elucidate the chain length isomers for non-volatile of the figure is the PSD mass spectrum of the Li-cationized

telomers. telomer. The Na-cationized species shows only two signif-
If we change the cation from Nato Liin these experiments, icant fragments, the Na cation and-460D ion. As with
we observe nearly the same PSD spectra. FB&0 D frag- the —161 D ion observed for the S4XX telomers (discussed

ment series still dominates the PSD spectra. The peak of theabove), this ion is matrix dependent and must be some type
distribution of 44 D spaced peaks is still between 8 and 9 of matrix adduct. In contrast, the Li-cationized telomer pro-
EO units. The-161 D fragment is still observed, but doesn't duces a rich mass spectrum with many interesting fragment
appear until higher telomer number and is greatly broadenedions. Experiments on PEG telomers produce the same results.
in the PSD spectrum compared to the other fragments. It is The rich PSD spectrum obtained for Li-cationized PEG is es-
surprising that the distribution of EO units from th@10 D sentially the same as the CID results previously discussed by
fragment series peaks at the same number of EO units for bothSelby et al[22]. The Li-cationized PSD spectra of both the
Na and Li-cationized species. Previous work by the Bowers PEG and the ethoxylated octadecanol surfactant can be under-
group indicates that the Li cation typically has fewer oxygen stood by following the descriptions of the CID experiments

atoms around it than a Na cation in experiments on PG in [22].
We expected the Li-cationized species to peak at a smaller For these surfactants, the metastable decay results appear
number of EO units than the Na-cationized species. to significantly depend on the difference between a single EO

If we change the cation from Na to K in these experi- chain surfactant and a gemini surfactant. The S4XX gemini
ments, we observe much weaker PSD fragment ion intensity. surfactants interact sufficiently with the Na cation to pro-
Fig. 8shows the PSD mass spectrum obtained frormth&3 duce intense and information-rich PSD spectra. The single
telomer of S465 cationized with K. We observe a very intense chain ethoxylated surfactants investigated do not interact suf-
K™* ion at 39 D indicating that the loss of the cation is the most ficiently with a Na cation, but do interact strongly with a Li
prominent metastable fragmentation path for these speciescation.

The K cation must not interact with the two EO chains nearly ~ This difference in PSD fragmentation can also be used
as well as Li and Na catior{28]. We still observe the other  to investigate isobaric analytes. The S4XX and ethoxylated
two fragmentation mechanisms, but the ion signal is quite octadecanol surfactants have the same nominal mass when
weak. Interestingly, the center of the210D fragment se-  comparing telomers differing by one EO unit. The octade-
ries is again between 8 and 9 EO units, just like the Na- and canol backbone has mass 44 D greater than the S104 back-
Li-cationized species. bone. We have utilized the difference in PSD response for

While these data show that there is only a limited cation Na-cationized analytes to clearly distinguish which surfac-
effect in the metastable decay of the S4XX telomers, we tant is present in unknown samples. The PSD experiment is
have observed much more pronounced cation effects in singlerelatively easy to conduct and, in this case, provides unam-
chain ethoxylated surfactantsg. 9shows two PSD spectra  biguous identification of the surfactants.
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