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Abstract

Mass spectrometry has been used in the study of synthetic polymer systems since the 1960s. The application has been,
the most part, limited to the characterisation of polymer additive systems and polymers that had either been chemically ¢
thermally degraded. The advent of newer ionisation approaches, coupled with the development of analyser technology, has |
to the reappraisal of mass spectrometry for this work. Molecular weight distributions have been obtained and information or
end groups and chemical variation with molecular weight has been measured. Polymer microstructure has been probed wi
information obtained on partial and, in some cases, complete sequence for oligomeric systems. Fundamental work to supp«
these developments is needed and is being carried out. Information on gas-phase polymer conformations has been obtained
an important link with calculation established. The future of the approach, particularly when used in conjunction with other
complimentary chromatographic and spectroscopic techniques, looks promising. (Int J Mass Spectrom 200 (2000) 26127
© 2000 Elsevier Science B.V.
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1. Introduction developments until recently and is only now starting
to take advantage of the information that can be
The introduction of matrix-assisted laser desorp- obtained. There is still significant work to do to fully
tion/ionisation (MALDI) [1,2] and electrospray ioni-  exploit these new opportunities, but exciting results
sation (ESI) [3], coupled with the use of time-of-flight have already been obtained, and the future potential is
(TOF) and Fourier transform ion cyclotron resonance significant. Here, we will highlight the measurement
(FTICR) analysers has revolutionised the utility of challenge, show the progress already made and spec-
mass spectrometry. This increased capability has ulate on potential future developments.
mainly been focussed in the biosciences where the  Synthetic polymers form an integral part of every-
greatly increased mass range, sensitivity and resolu-day life. They range from high-volume commodity
tion has made mass spectrometry an integral part of products such as polypropylene and polyethylene, the
many important research areas. The field of polymer ubiquitous polyesters such as nylon and poly(ethylene
science did not appreciate the importance of these terephthalate) (PET) to low tonnage, specialty prod-
ucts such as poly(ether ether ketone) (PEEK) and
carbon fibre reinforced resins. In addition to these
*Corresponding author. Tel. 01642 432287; fax 01642 432287. Well known, established, systems, however, there are
E-mail; jim_scrivens@ici.com thousands of specialised products, which are specially
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synthesised for a particular task. These range from Table 1 N
electronic applications (such as circuit board adhe- C'2sses of polymer additives

sives) to medical areas (such as drug release andAntiblocking agents Antifoaming agents
tissue replacement). These systems tend to be morg?adiation stabilisers Healt stabilisers
h icall | | fi £ Antifogging agents Antimicrobial agents
c emICE.l y comp eX and would b.ene it m_OSt rOM  Antioxidants Antistatic agents
generation of additional structural information. Blowing agents Colouring agents
Synthetic polymers, unlike naturally occurring Coupling agents Curing agents
biopolymers (which are predominately monodis- Fillers Flame retardants
poly ) . P S y Foaming agents Impact modifiers
perse), are mixtures with a distribution of molecular Low profile materials Lubricants
size, molecular structure and shape. The details of Mold release agents Odorants/fragrances
these distributions taken together with the chemical P'asticizers Preservatives
. . . . Reinforcements Slip agents
and physical history of the material and any additiveS giow enhancers Thickening agents

present determine the properties of the polymer. Paul
Flory expressed this concept, together with many

other important ideas, in 1953 [4]. He stated that

“Polymers are composed of covalent structures many
times greater in extent than those occurring in simple
compounds and this feature alone accounts for the
characteristic properties that set them apart from other
forms of matter. Appropriate means need to be used to
elucidate their macromolecular structure and relation-
ships established to express the dependence of th
physical and chemical properties on the structures so
evaluated.” It is the use of mass spectrometry to study
the macromolecular structures of synthetic polymers
that we are concerned with here. A number of reviews

of the use of mass spectrometry in polymer studies
have been written [5-9]. These focus, in general, on
the applications prior to recent advances.

these classes at concentrations ranging from PPM to
percent levels. One of the major contributions of mass
spectrometry in polymer science has been the charac-
terisation and quantification of these additives [10—
12]. Application of the newer ionisation techniques
and analysers has led to improvements in the infor-
gnation that can obtained about additive systems
[13-16] but most work is still based on chemical
extraction, chromatographic separation and mass
spectrometric detection.

3. Indirect measurements

The majority of mass spectrometric studies of
polymer systems required optional extraction of the
additives from the polymer followed by a chemical
[17] or thermal degradation of the polymer itself,
prior to the recent innovations in instrumentation.

Thermal studies encompass:

2. Polymer formulations

In addition to the synthetic polymer itself, which
consists of hundreds of separate molecules (even for
the simplest system), a polymer formulation contains 1. Evolved gas analysis (EGA) [18], where the poly-
many additional components. These range from com-  mer is melted releasing trapped volatiles, which are
ponents that reflect the synthetic and processing history  then characterised.
of the system, such as catalyst residues, partially reacted?2. Thermal degradation [19], in which the onset of
monomers and oligomers and residual solvents, to com- decomposition of the polymer system under vari-
ponents deliberately added to enhance the required ous conditions is studied.
properties of the system. Table 1 shows a list of some of 3. Pyrolysis [20,21], where the polymer system itself
the common additive types used. is extensively degraded to give structural informa-

A wide variety of chemical types, some of them tion.
complex mixtures, may be utilised within each of These studies have supplied much important information
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but are, by necessity, indirect measurements. StructuralTable 2

information must be inferred from the results.

4. Direct measurements

4.1. Field desorption

For many years the only ionisation method capable
of generating data directly from synthetic polymers
was field desorption (FD) [22]. This approach, cou-
pled with magnetic sector analysers, was shown to
give useful data, particularly for nonpolar systems,
from polymers with average molecular weights of up
to approximately 15 kDa [23,24]. The field desorption
experiment is challenging, with experimental times of
1-2 h not uncommon. Difficulties with thermally

Some issues in the use of MALDI to characterise synthetic
polymers

Source parameters
Detector design
[32,34-39]
Postacceleration value
Data processing/acquisition
settings [44]
Dynamic range limitations
Laser wavelength

Laserpower[28-33]

Cation (Type, concentration,
physical position [40-42]
Sample preparation [43]

Solvent/matrix/sample
(Type, ratios) [9]

Delayed extraction parameters
Analyser performance [36]

standards of known value is obtained for broader
distributions. A number of suggestions have been
made to explain this difficulty. The main issues are
shown in Table 2 [28—44].

Each of these factors has been shown to contribute

labile polymers have been experienced when thermalto the measured molecular weight distribution in
degradation occurs before desorption. This approach certain cases. There appears to be no single parameter

still has much to recommend it for nonpolar systems
of low molecular weight [25]. The advent of new

instruments that couple field ionisation and field
desorption with TOF analysers may lead to an in-
crease of interest in this method.

4.2. Matrix-assisted laser desorption/ionisation
(MALDI)

MALDI requires co-crystallisation of sample and
matrix molecules. Although this is relatively straight-
forward in protein and peptide studies, the nature of
synthetic polymer systems makes it difficult to

that will solve the problem at the current time, and
MALDI is limited, for quantitative use, to the study of
low-polydispersity systems. The combination of wide
mass range (typically 500-500,000 Da), high dy-
namic range requirement (0.01-100%) and a large
number of components present in a system of broad
polydispersity has been too great an experimental
challenge. This has not been a major limitation since
fractionation of a broad polydispersity polymer sys-
tem into a number of low polydispersity fractions is
an established procedure [45].

Figure 1 shows a MALDI-TOF spectrum of a
narrow polydispersity polystyrene sample wil,

achieve the correct balance of solvent, salt, matrix and approximately equal to 12,500. Also shown is a FD

sample. Different sample preparations are often
needed, in practice, for different polymer types and
indeed for different molecular weight ranges within a
polymer type. MALDI-TOF has great advantages for

spectrum of a similar polystyrene polymer. The
MALDI spectrum consists of peaks from silver at-
tachment ions, and the FD spectrum consists of peaks
from radical cations. The similarity of these two

the characterisation of polymer systems, because thespectra, generated using different ionisation methods,
spectra obtained are often simple. The spectra consistdifferent analyser systems and different detection

predominately of peaks from cationised, singly
charged molecule ions with little, if any fragmenta-
tion. It has been shown that MALDI gives good
agreement with polymer standards with a polydisper-
sity {weight average molecular weighi(,) divided

by number average molecular weighl )} [26] of
approximately less than 1.2 [27]. Poor agreement with

systems, gives confidence in the utility of the ap-
proach. The FD spectrum takes 1-2 h of careful
experimentation to obtain, in contrast to the 1-2 min
for the MALDI data. Early MALDI spectra were
obtained on instruments with a resolution of only a
few hundred, but developments in analyser and source
design, particularly the introduction of delayed ex-
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80 (PMMA) sample [that was generated by means of group transfer
5 polymerisation (GTP)], indicating that species with two modes of

termination are present.

(b) ' : Fig. 2. MALDI-TOF spectrum of a poly(methyl methacrylate)
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Fig. 2 shows a MALDI-TOF spectrum of a low-

|
" ' Il i" polydispersity poly(methyl methacrylate) with two
» (i T main, differing, terminating end groups. These corre-
2 il if;l spond to a conventional terminating group and a
10 At _ 11 cyclic group formed via a backbiting mechanism. The
0Man'm'm..u...fi..',-.t-.;.'.".-.-.'.f'..1.'.'-.n}-..-..,-s-.u.-.'.;;;.'a.'mw MALDI spectrum enables the concentration of these

T000  B000 9000 10000 11000 12000 13000 14000 15000 g . . i
end groups to be correlated with increasing molecular

Fig. 1. (a) FD-MS and (b) MALDI-TOF spectra of a narrow  Weight. This is an important measurement and diffi-
polydispersity poly(styrene) sample with an average molecular cylt to carry out by other methods.
weight of approximately 12.5 kDa. MALDI-TOF has also been used successfully in
the study of copolymer systems [53-56]. The number
traction methods [46,47], has led to resolutions of peaks observed generally increases dramatically for
(FWHH) of 10,000 to 20,000. Data from narrow spectra from copolymers, and, at higher masses,
distribution polymers, with average molecular specific oligomeric information may be lost from
weights of up to 1.5 million Da, have been obtained, overlap. The copolymer composition can be measured
although, at this mass range, no structural information against molecular weight where the oligomers can be
can be determined [48]. The improved instrument identified. Figure 3 shows an example of a MALDI-
performance has also led to better mass measuremenfOF spectrum from a block copolymer system of
accuracy. Early spectra were within a mass accuracy methyl methacrylate and butyl methacrylate. The
of 1 Da, at best, whereas now figures of 10-20 PPM
are common. These measurements enable indirect

information regarding total end-group mass to be MeO,C Me Me 1 Me
inferred from the MALDI spectrum [49-52]. The Me /CO2M3 H{ ,\C/ COMe
mass of the cation, together with an integral number H[ _C (2 "
of monomer masses, is subtracted for a particular {CHZ \}H

Me¢ CO,Me

oligomer. The residual mass corresponds to the sum n
of the masses from the two end groups of the polymer. Scheme 1. Scheme 2.
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spectrum is complex, but the resolution is good
enough to enable each of the oligomeric peaks to be
identified without confusion. This enables the distri-
bution of methyl methacrylate units and butyl meth-
acrylate units in the copolymer to be established.
These distributions are shown in Figure 4. Important
assumptions can then be made in polymer chemistry,
such as the random coupling hypothesis, and be
directly verified for the first time [54]. These MALDI

265

largely due to the formation of multiply charged
species. This phenomenon has been a major advan-
tage with monodisperse proteins, enabling analyser
systems with relatively low molecular weight ranges
to be employed. Synthetic polymers, as we have seen,
are very much more complex, and multiple charging
can lead to spectra that are very difficult to interpret.
The use of Fourier transform ion cyclotron resonance
(FTICR) mass spectrometry coupled with ESI has

spectra of copolymers can also be used to compare theproven of significant utility. The very high resolution

distributions obtained with those predicted from poly-
mer theory. This link between experimental measure-
ment and theoretical prediction is an area in which
MALDI has made an important contribution. Devel-
opments are required in processing software to anal-
yse the raw MALDI data and make these measure-
ments easier to interpret.

4.3 Electrospray ionisation (ESI)

Although ESI has had a major impact in the
characterisation of biopolymers, its use in the study of
synthetic polymers has been more restricted. This is
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afforded by the FTICR enables the complex charge
states to be unambiguously assigned and the spectra
deconvoluted. ESI-FTICR approaches have been used
to study molecular weight distribution [57,58], end
groups [52,59,60] and chemical composition [58,61—
63]. An alternative approach is to couple ESI with an
orthogonal TOF (oa-TOF) analyser [64] and attempt
to study the singly charged species at a higher
mass-to-charge ratio. This can give interesting results
for systems in which there is no significant overlap
between the various charge states and for which
singly charged species can readily be formed. Figure
5 shows ESI-0a-TOF spectra (LCT, Micromass UK

oo
L H—(CHz—cli(CHz—(I:)/—H .
0=C 0=C
| HCO HCO
| l
\v I l» “
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Fig. 3. MALDI-TOF spectrum of a block methyl methacrylate/butyl methacrylate (MMA/BMA) copolymer that was generated by means of

group transfer polymerisation (GTP).
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Fig. 4. Number distributions of methyl methacrylate (MMA) and
butyl methacrylate (BMA), calculated from the MALDI-TOF data
from a block MMA/BMA copolymer (MALDI-TOF spectrum
shown in Fig. 3).

Ltd.) of polystyrene with av,, (gel permeation chro

polymer systems that have been subjected to partial
thermal degradation. This is used to study the mech-
anisms of thermal degradation, but can also provide
useful structural information about the polymer sys-

tems which could not be obtained directly [65—67].

5. Chromatographic links

As we have seen, MALDI has difficulty in obtain-
ing quantitative data for polymers with polydispersity
values of greater than approximately 1.2. ESI can give
complex spectra that require specialised analysers and
software to deconvolute the data obtained. A solution
to these problems could potentially be reached by
performing prefractionation of the polymer system
using an appropriate chromatographic approach.
MALDI has been linked with capillary electrophore-
sis (CE) and liquid chromatography (LC) although
most results are in the biosciences [68]. ESI is
routinely linked with both CE and LC. The most
appropriate chromatographic technique for synthetic
polymers is undoubtedly size exclusion chromatogra-
phy (SEC) [also named gel permeation chromatogra-
phy (GPC)]. In this technique, which was first applied
to synthetic polymers in the 1960s, a dilute solution of
polymer is passed through a column packed with a
rigid gel with a range of pores whose sizes are
comparable with the dimensions of the molecules.
Small molecules penetrate the gel and are retarded

matography, GPC) of 9850. Various cation salts have relative to larger ones, which elute first. True quanti-
been used and the doping cation in each spectrum istative GPC requires no chemical interaction between

shown. These distributions give results that are in

polymer and gel surface. The relationship between

reasonable agreement with expectations, and the ap-elution volume and molecular weight can be ex-
proach has promise for some applications, particularly pressed as a calibration curve. Calibration is per-

for qualitative studies. Figure 6 shows a comparison
of ESl-oa-TOF and MALDI data for polystyrene of
M, 7000. The cation for both ESI and MALDI was
silver. Both the singly (6300) and doubly charged
(6310) distributions from the ESI spectra givie data
that are lower than that obtained from MALDI-TOF
(6670), although further work to optimise sample
preparation (including cation type and concentration)
may improve this agreement. In a recent interesting

formed by using standards of a similar chemical
nature to the synthetic polymer being studied or by
using a universal calibration which plots logy[[M)
versus elution volume (wherg is the limiting vis-
cosity number and/ the molecular weight). Efforts
have been made in GPC to overcome calibration
difficulties by using two detectors simultaneously,
one sensitive to the concentration of the polymer and
independent of molecular weight and one measuring

development, MALDI has been used to characterise molecular weight independent of concentration. Laser
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Fig. 5. Electrospray spectra obtained in an orthogonal acceleration time-of-flight (oa-TOF) mass spectrometer from poly(styrene) 9850, usin

alkali metal cations for ionisation.

light scattering (LLS) and on-line viscometry are
commonly used, often in combination with differen-
tial refractive index detection (termed triple detection)
[69]. GPC has become the dominant method for the
characterisation of molecular weight distributions in
synthetic polymers. It is the only simple method that
gives molecular weight distributions as well as aver-
ages for polymers of broad polydispersity. It has
evolved into a very sophisticated method. GPC re-
quires excellent flow stability and a combination of
sophisticated detectors to achieve its full potential. It
can have difficulty with copolymer systems where
there is no simple relationship between viscosity and
molecular weight. It can (in skilled hands), however,
give information on polymer branching and can detect
small amounts of high molecular weight polymer.

Attempts have been made, in recent years, to extend
the compositional information obtained from GPC by
using composition-sensitive detectors such as IR or
UV [70]. Furthermore, the link between GPC and
MALDI is a particularly attractive proposition.

Early comparisons between GPC and MALDI
results were confused by the different way that data
are displayed [71]. MALDI plots number fraction
against molecular weight, whereas GPC generates
information that is usually displayed as weight frac-
tion against log mass. The most probable values
shown by each method (such kg for GPC) would
therefore be expected to be different. GPC can be used
as a method to prepare polymer samples of narrow
polydispersity from a polymer of wider polydispersity.
MALDI can then provide an effective method of mea-
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Fig. 6. Electrospray (obtained in an oa-TOF mass spectrometer) and MALDI-TOF spectra obtained from poly(styrene) 7000, using silver ion:
as the cationisation agent.

suring molecular weight, and these values can be used tostraightforward, but the presence of multiple charged

generate reference points on the GPC calibration graphpeaks can make the data difficult to use for calibration

[log (M) versus elution volume]. This is an effective purposes.

symbiotic relationship with MALDI providing calibra-

tion data for GPC and GPC overcoming the difficulties

that MALDI experiences with high polydipersity. This )

approach has been elegantly demonstrated in a numbeé3 - Polymer microstructure

of recent papers [72-77]. These off-line methods, al-

though successful, are time consuming and effort has

gone into automating the process [45,78,79]. The future

development of this area should lead to a wider use of e Atomic connectivity.

MALDI among polymer chemists. e Stereochemistry of subunits.
ESI, after GPC separation, has also been used in e Individually.

combination with FTICR [80,81] or oa-TOF detectors e With respect to each other.

[82]. ESI has the advantage that on-line coupling is e With respect to other units.

A complete understanding of polymer structure
needs to include the following:
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Fig. 7. MALDI-CID spectra from PMMA samples with different initiating end groups (see text for description of fragmentation), obtained in
a hybrid sector-oa-TOF mass spectrometer. The A, C, D and E series of peaks allow information on the masses of the end groups to be inferre

e Sequences and distributions of subunits. synthetic polymers show little fragmentation, enable

e Distribution, configuration and arrangement of single oligomers to be selected for further study.
chain lengths. Fragments from a selected oligomeric cationised spe-
e Within one chain. cies can be formed in three ways in a conventional
e \With respect to other chains. MALDI-TOF instrument:

e Arrangement of different domains of the material.
e With respect to each other.
e With respect to other components of the material.

Fragmentation can occur in the ion-source region at
high laser fluences. This is referred to as prompt

fragmentation.
This is clearly a large and multidimensional problem,
which cannot be studied by one technique alone. A Fast metastable fragmentation can occur during the

subset of these issues, which involves aspects of thedelay time before extraction (100-1200 ns) in delayed
molecular structure of linear chain polymers, is often €xtraction sources. This is termed in-source decay
referred to as polymer microstructure. Mass spectro- [83]. In-source decay increases with laser energy, at a
metry has been shown to be able to contribute fixed delay time, due to a greater number of collisions
significantly to this area. The ability of mass spectro- in the expanding plume. Prompt and in-source decay
metry to select an ion of known mass-to-charge ratio, fragmentation yield fragment ions in the mass spectra
coupled with the fact that the MALDI spectra of obtained from both the linear and reflectron detector.
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1004 tensively for synthetic polymers, possibly because of
bt CH,  CH the increased complexity of the mixtures involved
szz . H-(CHZ-c::?I(Cﬂz—(::)Q—H N coupled with the experimental challenges of the
;;; A o=cl o=cI experlment§. .
£ B HCO HyCiO Product ion spectra, from selected ions generated
Ess- by MALDI, may be obtained by using tandem mass
S spectrometry (MS/MS) instrumentation. A coupled
pye o B magnetic sector-oa-TOF combination has been used
;(5» P successfully to study a number of polymer systems
201 G\I l A .\.l‘ ) ITG' 5 4 [84-88]. High-energy CID at 800 eV using xenon as
o 100 200 300 400 500 mz a target gas is employed. Figure 7 shows the results
> n OISO || obtained for a series of poly(methyl methacrylate)
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 m/z (PMMA) oligomers made with different initiators.
The fragment series labelled in each spectrum
poe I originates from the terminal end of the molecule, with
ok retention of cation, and the series labell@d andE
St E p F > originate from the initiator end of the molecule, again
2203 > with retention of cation. The features seen in these
fgg‘m . b "\ - data, such as fragmentation observable from both
§§; e | e P E’n-& » ends of the molecule with retention of cation and
e I ‘& EF' o e e peaks at lower mass-to-charge ratios being the most
354 / o o ? » intense, are common for a number of polymer sys-
bo | I 1</ (SR 1 3 K 1 . CE tems. The product ion spectra from the MALDI
P (e . | E\ ‘i E precursors, obtained by this approach, show a number
e TR ‘ ]‘ il | ‘ { Ll A of advantages over data obtained using a MALDI-
0 B A AL TOF instrument alone. These include improved pre-
600 800 1000 1200 1400 1600 1800 2000 m/z

cursor and product ion resolution, better signal-to-
Fig. 8. MALDI-CID spectrum of a block methyl methacrylate/butyl ~ noise ratio and greatly improved reproducibility. The
methacrylate (MMA/BMA) copolymer that was generated by resylts obtained from these experiments enable, in
means of group transfer polymerisation (GTP), obtained |r_1 a hybrid many cases the individual masses of the end groups
sector-oa-TOF mass spectrometer. Full spectrum (top) with expan- !
sion ofm/z0—600 and partial spectrum (bottom)rafz600—2300. of the polymer systems to be obtained.
A description of the fragmentation is in the text. This approach has been recently applied to a block
copolymer system of methyl methacrylate (MMA)

Metastable fragmentation can occur in the field- and butylmethacrylate (BMA). The MALDI-TOF
free region (post source decay, PSD). This occurs on spectrum is shown in Figure 3. Figure 8 shows the
the 10 ws time scale and yields ions in the mass MALDI-CID spectrum of the selected cationised
spectrum obtained from the reflectron detector only. oligomer withm/z2387. This spectrum enables the
A PSD product ion spectrum can be obtained with a masses of the initiating and terminating ends of the
precursor ion selector in the field-free region and by polymer to be established, as we have already seen
scanning the reflectron voltage [9]. A collision cell from data obtained from homopolymers. The less
can be placed in the field-free region, giving access to intense peaks in the highen/z region (n/z 600—
high-energy PSD collision-induced dissociation 2200) can also be interpreted. These peaks corre-
(CID) spectra. spond mainly to rearrangements that can be as-

These methods have been used successfully insigned to both sides of the polymer chain. The
peptide characterisation but have not been used ex-complete sequence of the block copolymer chain
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Fig. 9. MALDI-CID spectrum of the 15-mer of a poly(styrene standard), obtained in a hybrid quadrupole-oa-TOF mass spectrometer. The
fragmentation pattern (namely the A and B series) enables end group information to be inferred.

can be confirmed in this case. This result, together rene. This was obtained in a modified Q-TOF instru-
with other MALDI-MS/MS studies of random and ment (Micromass UK Ltd.). Although low-energy
block copolymers, indicate that significant struc- collision conditions were used for the CID experiment
tural information can be obtained. (150 eV with argon as collision gas), the spectrum
A barrier to the wider use of this approach has been shows significant similarities to that obtainechagher
the requirement for specialised instrumentation, collision energies (800 eV with xenon as collision gas)
which is not widely available. The combination of a using a magnetic-oa-TOF hybrid instrument. End-group
guadrupole analyser with an orthogonal TOF has information is readily deduced from the data. The wider
proven of great utility for structural studies in the availability of this type of instrumentation should result
biosciences [89-91]. The collision regime in this in many more MALDI-CID experiments being carried
instrument is low energy, with multiple collision out on synthetic polymer systems.
conditions being employed. Recently, this design of  This approach has also been used to study cation
instrument has been fitted with a MALDI source attachment in various polymer systems [94]. Figure
[92,93]. Figure 9 shows the MALDI-CID product ion 10 shows the product ion spectra of the MALDI
spectrum of the silver cationised 15-mer of polysty- produced cationised 30-mers of PMMA. The spectra
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Fig. 10. MALDI-CID spectra of the 30-mer of poly(methyl meth-
acrylate) (PMMA) with ionisation by addition of varying alkali 7. Gas phase conformations of synthetic
metal salts, obtained in a hybrid sector-oa-TOF mass spectrometer. polymers

The A and B series of peaks allow information on the masses of the

end groups to be inferred. .
The ability of mass spectrometry to select an

oligomeric cation of known mass-to-charge ratio has
show that the lithium cationised species does not tend been shown in the MALDI-CID experiments. Re-
to fragment to form a lithium ion (L) whereas the  cently work has been undertaken to better understand
caesium cationised species readily leads to the gener-the interactions of various polymer systems with
ation of a caesium ion (C9. This is related to the  cations and to attempt to study the conformation of
binding energy of the cation. The rest of the spectra these ions in the gas phase [95-100]. The experimen-
are very similar with fragments formed from both tal technique used was the ion-mobility-based ion
initiation and terminating ends of the oligomer (with chromatography (IC) approach [101]. lon chromatog-
retention of cation). These, and other, studies lead to raphy is based on the principle that ions with different
the suggestion that mass discrimination due to cation conformations will have different mobilities when
effects are more pronounced with low-molecular- drifting through a buffer gas under the influence of a
weight rigid polymer systems such as poly(ethylene weak electric field. Theoretical methods are then used
terephthalate) [40] and less important with higher to generate candidate structures of the ions and
molecular weight mobile polymer systems. calculate their corresponding mobilities for compari-
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Fig. 12. Arrival time distributions for lithiated, sodiated and potassiated trimers of poly(ethylene terephthalate) (PET) at 80K and 550K.

son to experiment. Figure 11 shows the calculated influence on the characterisation of synthetic polymer
typical low-energy structures of the sodium cationised systems, then more fundamental work of this type is
trimer of poly(ethylene terephthalate). These are cal- required to overcome some of the currently existing
culated to exist in closed and open forms. Figure 12 lack of understanding.

shows the arrival time distributions for the trimers,

with different cations, at 80K and 550K. The two

isomeric forms are in dynamic equilibrium at 550K, 8. The future

with a measured arrival time observed as an average

between the open and closed forms. The isomerisation  The introduction of ionisation techniques such as
is frozen out at the lower temperature and two peaks ESI and MALDI and the continued development of
are observed for lithiated and sodiated species, in analyser technology such as TOF and FTICR has had
good agreement with the calculated values for open a major impact on the potential utility of mass
and closed forms. For the potassium-cationised spe-spectrometry to characterise synthetic polymer sys-
cies, even at the lower temperature, only one peak istems. The analytical challenge presented by a com-
observed. This experimental result gives weight to the mercial polymer formulation makes direct study dif-
validity of the calculations employed. The approach ficult for all but the simplest systems. Considerable
has recently been extended to neutral species [95]. It progress has been made, however, in the direct
is clear that, if mass spectrometry is to have a wider characterisation of low polydispersity systems and,
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via links with chromatographic approaches such as
GPC, systems of higher polydispersity. The nature of
the end groups present may be inferred from the
molecular masses or obtained more directly from ion
selection methods such as MALDI-CID. Polymer
microstructural issues such as block and random
copolymer structure are beginning to be addressed,
and fundamental work on cation attachment and
polymer conformations is being undertaken. It is clear
that this area of science is still developing and that the
use of mass spectrometry to characterise polymer
systems will increase. It is important to point out that
mass spectrometry is only one tool and that the
maximum benefit can be obtained by linking the
results with those obtained from other spectroscopic
and chromatographic methods.
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