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Abstract

Current polymer formulations contain mixtures of copolymers to tailor the performance needs. Reversed-phase liquid
chromatography is commonly used to separate polymers according to their chemical composition by adsorption, partition or
precipitation mechanisms if retention is not influenced by molecular mass. Liquid chromatography–mass spectrometry
(LC–MS) has mainly been used to identify low molecular mass polymers and additives. In this paper, we report on the use
of LC–MS for the quantitative analysis of copolymer composition of several high-molecular-mass polymers by monitoring
the low-mass fragments formed by thermal decomposition and electron impact ionization when using a particle beam
interface. The fragment ions produced are proportional to the comonomers present and are quantitatively related to the
copolymer composition. Area ratio calibration with copolymers of known composition is used to determine the composition
of unknown copolymers of similar structure.  1998 Elsevier Science B.V. All rights reserved.

Keywords: Mass spectrometry; Electron impact fragmentation; Particle beam interface; Interfaces, LC–MS; Thermal
degradation; Copolymer composition; Poly(methyl methacrylate–butyl acrylate)

1. Introduction important for structure–property processing relation-
ships [2], polymer deformulation [3], and quality

A current trend in polymer development is to control purposes.
blend copolymers to produce a new material with The chromatographic separation of synthetic poly-
properties unique to each of the copolymers [1]. mers has been the subject of on-going research for
These polymer blends may be formulated with approximately 30 years [4]. Gel permeation chroma-
additives, as well as, plasticizers and stabilizers to tography (GPC) was developed for the analysis of
tailor the desired performance characteristics. The organic solvent soluble polymers [4], and is the most
identification and quantification of polymer blends is widely used technique for the determination of molar

mass distributions (MMD) of polymers after proper
calibration [5]. The combination of GPC and*Corresponding author. Present address: Isis Pharmaceuticals Inc.,
spectroscopic techniques have been used to deter-Carlsbad Research Center, 2292 Faraday Avenue, Carlsbad, CA
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[2,6–8], however GPC does not have sufficient tion time-of-flight mass spectrometry (MALDI-TOF-
resolution to analyze the more complex polymer MS) is a powerful tool for the analysis of polymer
blends [2]. composition and molecular mass [15,16]. The res-

Both reversed-phase liquid chromatography olution of current MALD-TOF-MS instruments
(RPLC) and normal-phase liquid chromatography allow oligomer characterization below a molecular
(NPLC) are capable of separating copolymers ac- mass of 36 000 [17]. Above a mass of 36 000 only
cording to their chemical composition (comonomer molecular mass information is obtained since in-
ratio, sequence, structure, endgroup) [9,10]. The use dividual oligomers cannot be resolved and thus
of RPLC and NPLC is more amenable than GPC for identified. The use of MALDI-TOF-MS in combina-
the separation of polymer blends due to the fact that tion with HPLC has been mainly restricted to the low
they are higher resolution techniques and are capable molecular mass (,1400) identification of collected
of separating materials based on composition. fractions of alcohol ethoxylates [18], poly(de-

Liquid chromatography–mass spectrometry (LC– camethylene adipate) [18], poly(ethylene oxide–
MS) is a form of two-dimensional analysis where the block–propylene oxide) copolymers [19], aliphatic
first dimension fractionates mixtures using liquid polyesters [19], and poly(ethylene oxide) mac-
chromatography and the second dimension separates romonomers [19]. The use of MALDI-TOF-MS for
by mass with subsequent detection. The combination the analysis of low molecular mass polymer HPLC
of LC and MS is ideal for the separation of complex fractions has clearly demonstrated the utility of the
mixtures and identification of each component. Con- technique [18]. However, no higher molecular mass
ventional on-line LC–MS has had limited applica- synthetic polymer (.10 000 M ) blends purified byr

tions for the analysis of polymers due to their limited HPLC have been analyzed by MALDI-TOF-MS to
volatility and the ease at which they thermally the authors’ knowledge, and there is a need to
degrade [11]. analyze the composition of high mass (.100 000

Therefore, LC–MS utilizing various interfaces has M ) polymer blends.r

been mainly used to analyze low-molecular-mass In this paper, we investigate the use of liquid
polymers such as polystyrene [11], surfactants [12], chromatography/particle beam mass spectrometry
and polyesters [13]. Reversed-phase LC coupled to (LC–PB-MS) for the quantitative compositional
particle beam MS was used to separate and identify analysis of poly(methyl methacrylate–butyl acrylate)
the low molecular mass oligomers of polystyrene and copolymers of approximately 200 000 molecular
demonstrate the effect of ion source temperature on mass by HPLC separation, polymer decomposition
oligomer vaporization and chromatographic peak and MS quantitation and identification of the re-
shape [11]. An ion source temperature of 3158C sulting fragments. The chromatographic separation
demonstrated enhanced volatilization as compared to was studied in terms of the effect of polymer
2008C for the particle beam LC–MS analysis of composition on retention time. The mass spectrome-
polystyrene oligomers, resulting in an improved ter intensity was evaluated as a function of ion

stseparation and identification out to the 21 oligomer source temperature, polymer composition, polymer
[11]. Electrospray (electrically nebulized and ion- molecular mass and concentration. The area ratio of
ized) MS has been utilized with GPC for accurate a particular decomposition product relative to the
GPC calibration of the low molecular mass ethylene total products (ion chromatogram/ total ion chro-
oxide distribution analysis of octylphenol ethoxylates matogram) was used to determine the composition of
[12]. Atmospheric pressure chemical ionization copolymers and a blend of similar composition and
(thermally nebulized and solvent mediated chemical structure to the calibration polymers.
ionization) was combined with RPLC for the identifi-
cation of the lower-molecular-mass oligomers of
poly(ethylene terephthalate) [13]. The analysis of 2. Experimental
higher-molecular-mass polymers has been accom-
plished by polymer hydrolysis and analysis of the 2.1. Chemicals
low-molecular-mass by-products [14].

The use of matrix-assisted laser desorption / ioniza- The homopolymers used throughout the study
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were purchased from either Polymer Labs (PL,
Church Stretton, UK), Scientific Polymer Products
(SPP, Ontario, NY), or Polymer Source (PS, Dorval,
Quebec, Canada) and are listed in Table 1 and shown
in Fig. 1a and b. The homopolymer mixtures were
diluted in tetrahydrofuran to 1% (w/w) of each
component.

The mixture of polymers used to calibrate the
LC–PB–MS contained poly(methyl methacrylate),
abbreviated as pMMA, and poly(butyl acrylate),
abbreviated as pBA, homopolymers and four co-
polymers containing pMMA and pBA at different
compositions. The structures and composition of the
six polymers (A–F) used in the calibration mixture
are shown in Fig. 1c. The p(MMA/BA) copolymers
were made in-house using emulsion polymerization
and had a molecular mass of approximately 200 000,
as determined by GPC with narrow polystyrene
standard calibration. A small percentage (,1%) of
methacrylic acid was present in the copolymers to
aid in emulsion stability. The copolymers were
supplied in water and dried on a petri dish at room
temperature for several days before weighing. Each

Fig. 1. Structure and composition of polymers used in this study.copolymer was initially diluted to 10% (w/w) in

Table 1
Homopolymers used in this study

Polymer Acronym Monomer Polymer Supplier
molecular molecular
mass mass

Poly(methyl acrylate) pMA 86 35 000 SPP
Poly(ethyl acrylate) pEA 100 100 000 SPP
Poly(butyl acrylate) pBA 128 100 000 SPP
Poly(hexyl acrylate) pHA 156 90 000 SPP
Poly(methyl methacrylate) pMMA 100 185 000 PL
Poly(ethyl methacrylate) pEMA 114 280 000 SPP
Poly(butyl methacrylate) pBMA 142 85 000 SPP
Poly(hexyl methacrylate) pHMA 170 400 000 SPP

aPoly(methyl methacrylate) pMMA 100 1 232 700 PS
132 000
70 900

aPoly(butyl acrylate) pBA 128 209 600 PS
46 400
5 420

a Polymers used in the molecular mass versus area ratio study.
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˚tetrahydrofuran. The calibration mixture was com- C , 15033.0 mm with 5-mm particles and 100 A18

posed of equal weight of the four copolymers and a pores. The flow-rate was 0.5 ml /min. All the stan-
1% solution of each homopolymer (pMMA and dards and samples were analyzed in triplicate and
pBA). The stock solution contained approximately displayed in figures as an average and standard
2% of each copolymer and 0.2% of each homo- deviation.
polymer. Serial dilution with tetrahydrofuran gave
the different concentrations of the calibration mix-
ture. 3. Results

The polymers analyzed for composition (copoly-
mer 1, copolymer 2, copolymer 3, copolymer 4, and 3.1. Degradation mechanisms
polymer blend) were supplied in-house and were
diluted in tetrahydrofuran to approximately 2% (w/ The various pathways whereby these polymers can
w) for analysis. The copolymer blend is a mixture of degrade is important to understand so as to aid in the
copolymers, one of which contains MMA. The actual interpretation of the mass spectra. This is increasing-
composition of each copolymer is the weight percent ly important as the polymer structure increases in
of monomer during emulsion polymerization. Similar complexity. Polymer degradation or pyrolysis occurs
to the copolymers used to calibrate the LC–PB-MS, when sufficient thermal energy is applied to cause
a small percentage of methacrylic acid was present in bond dissociation and free radical formation. If all
the copolymers, and the quantity varies in the the carbon–carbon bonds in a polymer backbone are
copolymers. The block copolymer was purchased of the same strength then chain scissioning produces
from Polymer Source (catalog number P1091- polymer fragments with terminal free radicals (oppo-
nBAMMA). All solvents (uninhibited tetrahydro- site of polymerization) [20]. Once initiated, several
furan and acetonitrile) were HPLC grade and pur- free radical degradation mechanisms may occur
chased from J.T. Baker (Phillipsburg, NJ, USA). depending on the polymer backbone, side groups and

the stability of the products.
Vinyl polymer radicals are known to degrade by a

2.2. Equipment chain depolymerization mechanism, whereas, con-
densation polymers undergo a random depolymeriza-

The LC–PB-MS was a Waters (Milford, MA) tion mechanism which is mainly due to random
Integrity system and consisted of an Alliance quater- chain rupture [21]. Chain depolymerization results in
nary HPLC pump with vacuum degassing, auto- the unzipping of monomer units from one end of the
sampler, model 996 diode array detector and ther- polymer by b-scission (bond dissociation at the b

mabeam mass detector (TMD). The TMD utilizes a position) and produces mainly monomer units as
particle beam interface with an electron impact ion displayed in Fig. 2a. b-Scission is propagated ac-
source operating in the positive mode with a quad- cording to the stability of the free radical that is
rupole mass analyzer set to scan a mass spectrum formed. Blockage of chain transfer (transfer of the
every 2 s in the mass range of 75–800 amu. The radical to another molecule) occurs due to the
operational temperatures of the nebulizer, expansion presence of the a-methyl group in poly(alkyl meth-
region, and ion source were 658C, 758C, and 3008C, acrylate) polymers. In pMMA degradation, a mono-
respectively, unless stated otherwise. The diode array mer yield of 92–98% has been reported regardless of
detector was set to acquire a UV spectrum every 2 s the temperature, as long as there is sufficient energy
from 215–400 nm with a resolution of 4.8 nm. The to break an initial carbon–carbon bond [21,22].
HPLC pump was linearly programmed from 90/10 Poly(alkyl methacrylate)s with a longer alkyl side
(acetonitrile / tetrahydrofuran) to 0 /100 in 30 min. chain degrade in a similar manner to pMMA until
The injection volume was 2 ml. An injection volume the alkyl side chain gets too long then side-group
larger than 2 ml caused peak splitting, due to the use scission takes place [22]. The production of mono-
of a strong injection solvent for these separations. mer decreases as the alkyl side chain length increases
The reversed-phase column was a Waters Symmetry [22].
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Fig. 2. Thermal degradation mechanism for (a) poly(alkyl methacrylate)s and (b) poly(alkyl acrylate)s.

In contrast to the degradation of poly(alkyl meth- for area calculations. The HPLC retention times are
acrylate) polymers described above, poly(alkyl listed in the top left-hand corner of each spectrum.
acrylate) polymers (Fig. 2b) contain a hydrogen in The mass spectra of four poly(alkyl acrylate)
the a position and do not form a stable radical upon homopolymers with an ion source temperature of
b-scission, thus these polymers have a higher prob- 2008C are shown in Fig. 3a. The electron impact
ability of inter- and intramolecular chain transfer and mass spectra of pMA, pEA, and pBA are not
degrade by a random depolymerization mechanism consistent with the corresponding monomers [23]
[23,24]. A variety of products are produced in and thus appear to be degrading into many decompo-
random depolymerization resulting in a lower mono- sition products which is common for polymers
mer yield [21]. undergoing a random degradation mechanism

[24,25]. The pHA degrades mainly into an 87 ion
3.2. Effect of ion source temperature on (protonated pMA), which could be due to side-group
homopolymer degradation scission of the hexyl group. Of the poly(alkyl

acrylate) polymers analyzed, only pBA produced a
The analysis of a series of poly(alkyl acrylate) and significant amount of deprotonated monomer molec-

poly(alkyl methacrylate) homopolymers is shown in ular ion (m /z of 127).
Figs. 3 and 4, respectively, using two different ion As shown in Fig. 3b, there is an increase in signal
source temperatures. The figures are displayed as intensity for the experiments conducted with an ion
spectrum index plots, which contain a total ion source temperature of 3008C, but the peak shape is
chromatogram (TIC) along the bottom and the approximately the same as at 2008C. The increase in
corresponding mass spectra for each integrated peak signal intensity correlates with an increase in thermal
along the top. The peak integrations shown are used volatilization of poly(alkyl acrylate) polymers in this
for generating the mass spectra at the peak apex, not temperature range as determined by thermal
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Fig. 3. LC–PB-MS index plot of a mixture of poly(alkyl acrylate) homopolymers with an ion source temperature of 2008C (a) and 3008C (b).
Retention times are in the upper left hand corner of the mass spectra.
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Fig. 4. LC–PB-MS index plot of a mixture of poly(alkyl methacrylate) homopolymers with an ion source temperature of 2008C (a) and
3008C (b). Retention times are in the upper left hand corner of the mass spectra.
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gravimetric analysis [26]. The pHA is more frag- 3.3. Effect of random copolymer composition on
mented at 3008C and may have reached the onset mass spectrometer ion intensity
temperature of random depolymerization. An in-
crease in MS fragmentation is also observed for A mixture of random poly(methyl methacrylate–
pMA, pEA, and pBA at 3008C as compared to butyl acrylate) copolymers was analyzed to deter-
2008C. The increase in fragmentation of the poly- mine the effect of MS fragmentation patterns on
(alkyl acrylate) homopolymers at the higher ion polymers containing the same monomers, but in
source temperature is probably due to an increased different proportions. Fig. 5 is a spectrum index plot
production of thermal degradation products from of a mixture of polymers described in Fig. 1c. The
random degradation of the homopolymers, or an copolymers (B,C, D, and E) elute between the two
enhanced volatilization of the degradation products. homopolymers (A and F), and an increasing number

The analysis of a series of poly(alkyl methacryl- of fragment ions are produced with increasing BA
ate) homopolymers with an ion source temperature content. The ion produced from the MMA monomer
of 2008C is shown in Fig. 4a. Poly(alkyl meth- (m /z 100) decreases with increasing BA content
acrylate) polymers are more likely to chain depoly- (decreasing MMA content), and the ion produced
merize and the result is less decomposition products from the BA monomer (m /z 127) increases with
which is evident when comparing Figs. 3 and 4. The increasing BA content. If a copolymer has a high
monomer molecular ions appear for both pMMA content of BA then the m /z 127 is a major ion in the
(m /z 100) and pEMA (m /z 114), but significant mass spectrum. Conversely, if a copolymer has a
amounts of monomer molecular ions were not de- high content of MMA then the m /z 100 ion is
tected for the higher alkyl poly(alkyl methacrylate)s. predominant. These results shown in Fig. 5 indicate
These mass spectra are consistent with the electron that the thermal degradation fragmentation appears to
impact mass spectra of the corresponding monomers be quantitative with respect to composition for these
[23], thus gas phase neutrals are most likely pro- particular monomers. This relation between ion
duced during thermal decomposition and then frag- intensity and polymer content is shown in Fig. 6 by
mented by electron impact ionization. plotting the reconstructed ion chromatograms (RIC)

The same mixture of poly(alkyl methacrylate)s at m /z 100 and m /z 127, along with the TIC. The
was analyzed at 3008C (Fig. 4b), resulting in similar small peak eluting after the pMMA peak at 1.5 min
fragmentation results to that at 2008C. The pHMA is an artifact due to the injection process. The
has greater sensitivity at 3008C which was also seen p(MMA/BA) copolymer with a composition of 80/
in the poly(alkyl acrylate) sample. It appears that the 20 eluting at approximately 6 min is slightly higher
mechanism for production of detectable ions for the in concentration than the other copolymers, thus
hexyl functional homopolymers may be some combi- yielding a proportionally larger signal. The RIC at
nation of desorption, volatilization and degradation, m /z 100 shown in Fig. 6b demonstrates that the
and these temperature studies suggest that polymers polymers containing a higher content of MMA are
with hexyl functionality need higher ion source more intense and have a larger peak area. Converse-
temperatures for maximum signal intensity. ly, the RIC at m /z 127 shown in Fig. 6c dem-

The particle beam interface is capable of thermally onstrates that intensity and area are proportional to
degrading poly(alkyl acrylate) and poly(alkyl meth- the BA content.
acrylate) homopolymers under different thermal deg- The quantitative analysis of copolymer composi-
radation mechanisms. The poly(alkyl methacrylate)s tion using pyrolysis degradation products involves
produce mainly monomer, whereas, the poly(alkyl ratioing the peak area of a particular product to the
acrylate)s produce a variety of degradation products, sum of the areas of all products [27,28]. In LC–MS
as evident by the number of MS fragment ions the integrated area of the RIC is representative of a
produced. A higher ion source temperature produced particular ion and the TIC is representative of the
a larger quantity of degradation products. The maxi- sum of all ions. A plot of the area percent of the
mum ion source temperature on the instrument is major ion produced in pMMA (m /z 100) and pBA
3008C, thus 3008C was used for the remainder of the (m /z 127) relative to the TIC versus composition of
experiments. the six polymers is shown in Fig. 7. A fairly good fit
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Fig. 5. LC–PB-MS index plots of the calibration mixture of poly(methyl methacrylate–butyl acrylate) copolymers and homopolymer with an
ion source temperature of 3008C. The peaks are labelled according to the polymers in Fig. 1c. Retention times are in the upper left hand
corner of the mass spectra.

(R.0.95) is obtained on the semi-log plot for both determination of copolymer composition would be
the MMA and BA fragment ions. The slope and area most beneficial if the relationship was not con-
ratio of the MMA results are of larger magnitude centration or molecular mass dependent. Fig. 8
than the BA due to the chain depolymerization shows a plot of the m /z 100 and m /z 127 area ratio
mechanism of pMMA which produces mainly mono- versus composition analyzed at three different con-
mer. The m /z 127 ion is produced by a random centrations of the six polymers. The results at
degradation of pBA which also produces many other different concentrations are very similar and are
products, and thus its area is a smaller percentage of within one standard deviation of each other. These
total area. plots show that the area ratio is independent of

polymer concentration over the range examined, and
3.4. Effect of polymer concentration on area ratio allows this method of compositional analysis to be

easily implemented since the absolute copolymer
The relationship between area % RIC/TIC for concentration does not need to be determined.
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Fig. 7. Polymer composition effect on area percentage ratio
(RIC/TIC) for the p(MMA–BA) mixture in Fig. 5 at a polymer
concentration of 1%. The pMMA is represented with the m /z 100
ion and pBA is represented with the m /z 127 ion. The results are
an average (symbol) and standard deviation (error bars) of three
replicate injections. Error bars are displayed when the standard
deviation is larger than the size of the symbol.

3.6. Effect of polymer composition on retention
time

The relationship between retention time and com-
position of the p(MMA–BA) copolymer calibration

Fig. 6. HPLC separations of the mixture of poly(methyl meth- mixture is shown in Fig. 10. The poly(methyl
acrylate–butyl acrylate) copolymers and homopolymer assigned in methacrylate) homopolymer was omitted from this
Fig. 5. Displayed are the TIC (a), RIC at m /z 100 corresponding to plot since it did not have significant retention (k5
MMA content (b), and RIC at m /z 127 corresponding to BA

0.2). There is a linear relationship between BAcontent (c).
content and elution time which is typical for the
separation of copolymers by RPLC [10,29].

3.5. Effect of homopolymer molecular mass on
area ratio 3.7. Calculation of polymer composition from area

ratio and retention time
The relationship between the homopolymer molec-

ular mass and the area ratio is shown in Fig. 9. The Several commercial polymers of known composi-
pBA (m /z 127) homopolymer area ratio response is tion made by different polymerization processes
fairly constant from a molecular mass of 5000 to were examined to determine the accuracy and preci-
210 000 at the same concentration. The pMMA (m /z sion of the determination of the MMA and BA
100) homopolymer area ratio is relatively constant content by the MS area ratio and retention time
from 71 000 to 1.2 million molecular mass for the methods. The results of calculating % BA and %
same mass injected on-column. Similar to Fig. 7, the MMA in five p(MMA–BA) copolymers and a
pMMA (m /z 100) produces a higher percentage of polymer blend using the MS area ratio and retention
the total area as compared to pBA (m /z 127) due to time calibrations are listed in Table 2.
the different degradation mechanisms. Figs. 8 and 9 The calculated BA content in Table 2 of four
show that area ratio is mainly dependent on polymer random copolymers using retention time demon-
composition and independent of concentration and strates that the actual polymer composition is esti-
molecular mass. mated with good precision (,1% R.S.D.) and ac-
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Fig. 9. Homopolymer molecular mass effect on area % ratio
(RIC/TIC) for pMMA and pBA at the 1% concentration level of
each. The pMMA is represented with the m /z 100 ion and pBA is
represented with the m /z 127 ion. The results are an average
(symbol) and standard deviation (error bars) of three replicate
injections. Error bars are displayed when the standard deviation is
larger than the size of the symbol.

method results in similar averages to the retention
time data, but with a decreased precision (approxi-
mately 10% R.S.D.). This decrease in precision may
be due to thermal degradation processes or difficulty
in peak area integration reproducibility. The % BA

Fig. 8. Polymer concentration effect on area % ratio (RIC/TIC)
of the block copolymer by the MS area ratio is lowerfor the p(MMA–BA) mixture. The pBA is represented with the
than the actual composition, but is within experimen-m /z 127 ion (top) and pMMA is represented with the m /z 100 ion

(bottom). The results are an average (symbol) and standard tal error. Block copolymers are known to thermally
deviation (error bars) of three replicate injections. Error bars are degrade through different pathways as compared to
displayed when the standard deviation is larger than the size of the random copolymers [27], and this may be part of the
symbol.

curacy, except for random copolymer 2. The calcu-
lated % BA using retention time for random co-
polymer 2 was slightly lower than the actual value.
The block copolymer was more retained than the
random copolymers used in the calibration which
resulted in an approximate 20% difference from the
actual composition. Block copolymers are known to
be more retained than random copolymers due to the
additive effect of similar neighbors enhancing the
interaction with the stationary phase [29]. This
interaction is not present in random copolymers. The

Fig. 10. Polymer composition effect on retention time forpolymer blend did not contain BA, thus the retention
p(MMA–BA) mixture. The pMMA calibration is represented withtime result is meaningless, and will be further
the dashed line and pBA calibration is represented with the solid

discussed below. line. The results are an average (symbol) and standard deviation
The calculated BA content in Table 2 of the (error bars) of three replicate injections. Error bars are displayed

random copolymers determined by the MS area ratio when the standard deviation is larger than the size of the symbol.
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Table 2
Comparison of butyl acrylate and methyl methacrylate composition determined by retention time and area ratio

Polymer Determined % BA Determined % BA Determined % MMA Determined % MMA Actual %
a a a a bfrom retention time from area ratio from retention time from area ratio BA/MMA

Random copolymer 1 90.760.1 93.066.7 9.060.1 1.961.6 91/7
Random copolymer 2 60.460.2 63.063.8 39.360.5 40.265.3 65/35
Random copolymer 3 51.260.1 51.163.6 48.560.1 51.462.8 51/46
Random copolymer 4 52.060.2 52.162.2 47.760.2 51.861.1 52/45
Block copolymer 65.860.5 37.1613.6 33.860.5 110.065.0 47/53
Polymer blend 38.860.3 18.069.8 60.860.3 100.062.0 0/58
a Average6standard deviation of three replicate injections.
b Actual composition determination is discussed in the Section 2. The difference in total MMA and BA content and 100% is the amount of
methacrylic acid.

reason for the difference in the accuracy of the block MMA intensity and lower BA intensity relative to
copolymer determination as compared to the random the calibration copolymers.
copolymer determination. The thermal degradation yield relative to the

Similar to the BA results, the determined MMA actual monomer content is called the normalized
content in Table 2 of all the polymers is very precise yield [30], and has been found to vary depending on
using the retention time data (,1% R.S.D.), but the the copolymer structure (random, alternating, block,
actual % MMA is overestimated in all of the random or a blend). Certain comonomers enhance thermal
copolymers. In the case of the block copolymer the degradation and the normalized yield of other mono-
retention time calibration yielded a 20% lower value mers, whereas some comonomers may hinder ther-
than the actual. The lower MMA content calculation mal degradation and the normalized yield [30]. The
by retention time shows that the BA chain is more ratio of peak areas for random versus block co-
dominant in the retention mechanism of block co- polymers has been used to evaluate the sequence
polymers using this HPLC method. length distribution [27]. In the p(MMA/BA) block

The calculation of the MMA content in Table 2 copolymers and pMMA homopolymer, the MMA
from the MS area ratio has similar results to the block structure can unzip uninterrupted. In random
retention time and actual values for the random copolymers of different MMA sequence lengths, the
copolymers, except for copolymer 1 which has a low MMA unzipping is frequently interrupted. Thus, the
value of MMA relative to the other copolymers. The normalized yield will vary on MMA sequence
poor accuracy for random copolymer 1 may be due length, and this may be the reason for some of the
to the dominance of BA in the thermal degradation variation seen in the analyzed copolymers using the
process of this copolymer, and the MMA may MS area technique. Thus, random and block co-
degrade randomly, thus producing less monomer. polymers of the same composition need to be
The copolymers with higher levels of MMA result in calibrated separately for accurate determination of
slightly higher than the actual value. The reason for composition. Polymer adsorption, rate of comonomer
the higher values in the random copolymers 2, 3, and degradation, and detector non-linearity may also
4 may be due to a slightly different arrangement effect the determination of polymer composition by
(sequence) of the MMA monomer as compared to thermal degradation of copolymers.
the copolymers used in the calibration. The block The analysis of polymer blends containing only
copolymer is an extreme case of this arrangement, one of the calibrated monomers was examined for
whereas the calculated MMA is similar to the method generality. This method was used to separate
homopolymer and twice the actual amount. In this a polymer blend into individual copolymers, one of
case, the MMA block may be degrading much more which is known to contain MMA, but not BA. The
quickly than the BA block which results in a higher MMA content of one of the copolymers in the
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polymer blend is accurately determined by the containing only one of the comonomers did not
provide meaningful results.retention time calibration, but is higher than expected

Pyrolysis–gas chromatography has been used tofor the area ratio calibration. Similar to the other
calculate the molecular mass of homopolymers byrandom copolymers, the arrangement of MMA in the
ratioing the monomer to endgroup area [31]. In apolymer blend may cause it to degrade differently
similar manner LC–PB-MS could be used to sepa-than the polymers used in the calibration.
rate polymer blends and measure the molecular massFrom all these results it appears that using the MS
using the area ratio of the monomer to endgroup.area ratio and retention time are only applicable for
The extension of this concept for the LC–PB-MScalculation of a copolymer’s composition if the same
analysis of copolymers will be the subject of futuremonomers are used in the calibration and the poly-
work.mers have the same sequence length.

Liquid chromatography–particle beam-mass spec-
trometry was shown to be useful for the determi-
nation of MMA and BA containing copolymers of
similar structure after calibration, and should be able4. Discussion
to perform similarly for other copolymers if distinct
fragment ions are produced and no interfering ionsIn this paper we have introduced the technique of
are present. This technique is very similar to off-linequantitative copolymer analysis using LC–PB-MS.
HPLC pyrolysis GC, but will not perform well for allThe effect of polymer composition, concentration,
polymers due to this particular instrument design.molecular mass, and monomer unit sequence on
Poly(alkyl acrylate) and poly(alkyl methacrylate)HPLC retention and MS ion intensity were studied.
polymers were analyzed in this study, but higher ionLiquid chromatography with particle beam mass
source temperatures are needed for polymers thatspectrometric detection is capable of thermally de-
decompose at higher temperatures (e.g. polystyrene).

grading high-molecular-mass polymers, with differ-
The limitations of this particular instrument as

ent fragmentation patterns for poly(alkyl acrylate)s
compared to off-line techniques (e.g. pyrolysis–GC)

and poly(alkyl methacrylate)s. The poly(alkyl meth- are the ion source temperature and ionization con-
acrylate)s fragment mainly into monomer ions and ditions. The use of LC–PB-MS has the advantage of
appear to decompose by chain depolymerization, separating polymer mixtures and determination of
whereas, poly(alkyl acrylate)s fragment into many the composition of each component, and is mass and
decomposition products probably by random degra- concentration independent. The ability to utilize
dation processes. The area percent ratio of MS ions higher temperatures, chemical ionization, or MS–MS
associated with MMA and BA were correlated with would allow a wider range of polymers to be
composition, independent of the polymer concen- analyzed, and increase the specificity and selectivity
tration and molecular mass. of the technique. Overall, the results are encouraging

The prediction of copolymer composition by the and further work is needed to show more application
MS area ratio method proved to be reasonably of this technique for copolymer analysis.
accurate for polymers made by the same process as
the calibration copolymers. Block copolymers con-
taining the same comonomers did not decompose in References
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