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Hyphenation of liquid chromatography and pyrolysis-flame ionization 
detection/mass spectrometry for polymer quantification 
and characterization 
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Bob W.J. Pirok a,b, Ron A.H. Peters a,b,c 

a Analytical Chemistry Group, van ‘t Hoff Institute for Molecular Sciences (HIMS), Faculty of Science, University of Amsterdam, Science Park 904, Amsterdam, the 
Netherlands 
b Centre for Analytical Sciences Amsterdam, Science Park 904, Amsterdam, the Netherlands 
c Covestro, Group Innovation, Sluisweg 12, Waalwijk, the Netherlands 
d BASF SE, Carl-Bosch-Strasse 38, Ludwigshafen am Rhein, Germany   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Development of a method for SEC×Py- 
FID/MS. 

• Copolymer composition heterogeneity 
determination as a function of molar 
mass. 

• Sequence heterogeneity detection by 
SEC×Py-FID/MS.  

A B S T R A C T   

Size-exclusion chromatography (SEC) hyphenated to pyrolysis-gas chromatography (Py-GC) has been demonstrated as a powerful tool in polymer analysis. A main 
limitation to the wider application of the method are the long second-dimension Py-GC analysis times, resulting in limited first-dimension sampling and/or long 
overall run times. Therefore, we set out to develop an online hyphenated SEC×Py-MS/FID method, removing the GC separation and allowing for a drastically reduced 
second-dimension analysis time compared to SEC-Py-GC. The pyrolysis method had a cycle time of 1.31 min, which was facilitated by liquid nitrogen cooling of the 
programmable temperature vaporizer (PTV) used for pyrolysis. The developed method featured no molar mass discrimination for masses above ±1.3 kDa, rendering 
it applicable to most commercial polymer systems. The method was demonstrated on multiple samples, including a complex industrial sample, yielding chemical 
composition heterogeneity and in some cases sequence heterogeneity information over the molar mass distribution.   

1. Introduction 

Synthetic polymers are complex mixtures of molecules which can 
feature distributions in molar mass, chemical composition, end-groups, 
sequence etc. [1]. In many cases, complex industrial copolymers are 
heterogeneous in chemical composition, meaning that the ratio of co-
monomers changes over the molar mass distribution. There are many 
(hyphenated) analytical methods to examine the chemical composition 

heterogeneity [2]. These methods include size-exclusion chromatog-
raphy (SEC)-multi-detector setups [3–5], SEC hyphenations with spec-
troscopic detectors, such as infra-red (IR) spectroscopy and nuclear 
magnetic resonance spectroscopy (NMR) [6–9], liquid 
chromatography-mass spectrometry (LC-MS) [10,11], and 
multi-dimensional LC [12,13]. All these methods feature significant 
downsides with respect to the analysis of complex copolymers. Multi-
detector setups, are typically limited in the number of monomers which 
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can be analyzed, as they require a different response factor per monomer 
for each detector [3]. The use of spectroscopic detectors, such as NMR 
and IR in SEC has drawn quite some attention [8,9,14]. While these 
methods are promising, they feature some downsides, the detectors 
suffer significantly from solvent background signals, for instance 
Ref. [14]. Furthermore, obtaining sufficient signal-to-noise (S/N) is 
challenging in both online IR and NMR [9,15]. LC-MS (with electrospray 
ionization) offers great resolving power, especially with high resolution 
mass spectrometers [16,17]. Its application is typically limited to lower 
MW polymers (<10 kDa) however, as multiple charge states result in 
complex spectra [2,18]. Furthermore, the ionization efficiency of 
various analytes might differ, yielding a biased view of the composition. 
Multidimensional LC separations offer the ability to separate polymers 
on multiple dimensions (e.g. molar mass and chemical composition), 
yielding insights into the chemical properties of copolymers [13]. As the 
number of monomers in the copolymer increases, a complete separation 
on chemical composition becomes increasingly hard to achieve, often 
yielding superimposed distributions. This typically limits the applica-
tion of multidimensional LC separations to copolymers containing two 
monomers if chemical composition heterogeneity information is 
desired. 

A less-frequently applied approach to characterize the chemical 
composition heterogeneity a copolymer is SEC-pyrolysis-gas chroma-
tography (SEC-Py-GC) as introduced by Kaal et al. The introduced 
method used a side-port syringe to transfer SEC fractions to Py-GC, to 
accommodate the long Py-GC analysis times, stop-flow SEC was applied 
[19]. In previous work, we introduced a novel approach to SEC-Py-GC 
applying valves to transfer LC fractions to Py-GC [20]. This eliminated 
the need for stop-flow in the first-dimension separation. 

One of the major advantages of SEC-Py-GC is the use of flame ioni-
zation detection (FID) and electron ionization-MS (EI-MS), both of 
which have strong quantitative capabilities. The FID is effectively a 
carbon counter which offers a close to universal response for aliphatic 
compounds [21]. This is of interest as chemical composition heteroge-
neity will lead to errors in the molar mass distribution determination, if 
the response factor of the detector differs for the co-monomers [22]. This 
effect is commonly not considered in standard SEC separations with 
refractive-index detection (RID) for molar mass distribution de-
terminations. When the chemical composition heterogeneity is known 
this effect can be corrected, as demonstrated by Haidar Ahmad et al. 
[23]. The FID is expected to yield more uniform response factors than 
the RID, especially for polymers containing mainly aliphatic groups [21, 
24]. Furthermore, the response should be solvent independent and FID 
should not suffer from the baseline stability issues which are common in 
RID [25]. SEC-Py-GC with EI-MS detection offers a robust way to iden-
tify monomers by means of standardized mass spectral libraries. 
Furthermore, since the copolymer is mainly degraded to monomers and 
small oligomers the ionization efficiency discrimination that is observed 
in conventional LC-MS with soft ionization is of less concern [17]. 

While SEC-Py-GC hyphenation offers the use of these powerful de-
tectors, long analysis times combined with methodological complexity 
limit the application of the method. There are various causes for the long 
second-dimension analysis times. In short, large volume injection Py-GC 
is hard to perform rapidly, as solvent evaporation and heating and 
cooling the pyrolizer is typically time consuming. This, combined with 
the need for a GC separation that can analyze both volatile (monomers) 
and less volatile (oligomers) fragments formed during the pyrolysis 
process, leads to long second-dimension analysis times (5–10 min). This 
thus results in long overall analysis times or limited first-dimension 
sampling, mainly due to the time-consuming GC separation. 

In this work, we thus cover the development of a SEC×Py-FID/MS 
method, which utilizes the powerful detectors offered by Py-GC while 
omitting the time-consuming GC separation. This, combined with liquid 
nitrogen cooling of the pyrolyzer, should drastically reduce second- 
dimension analysis times while simultaneously decreasing the method-
ological complexity. An earlier developed platform for SEC-Py-GC-MS 

will be adapted and optimized to realize the envisioned setup [20]. 
The performance of the developed method and its ability to characterize 
various realistic copolymer samples will be evaluated. 

2. Materials and methods 

2.1. Sample description 

A variety of samples was applied to test the performance of the 
system. Various low polydispersity poly(styrene) (PS) standards, with an 
Mp ranging from 1.3–1240 kDa, were obtained from PSS (Mainz, Ger-
many) and were applied to calibrate the molar mass separation and to 
test for possible molar mass effects. Further molar mass and response 
calibration was performed using narrow molar mass poly(methyl 
methacrylate) (PMMA) standards of varying molar mass (Polymer lab-
oratories, Church Stretton, U.K.). Poly(ethyl methacrylate) (PEMA; 
Sigma Aldrich, Darmstadt, Germany, Mw 340 kDa, Mn 126 kDa) was 
used as an internal standard, by adding it at a concentration of 0.1 mg 
mL− 1 to the first-dimension eluent for quantitative measurements. To 
test the quantitative performance of the system, calibration lines were 
constructed using solutions containing PMMA (Mp 300.3 kDa; Polymer 
laboratories) and PS (Mp 3.47 kDa; PSS) in stabilized THF (VWR, 
Amsterdam, The Netherlands) at concentrations of 2, 1, 0.2, 0.1 and 
0.02 mg mL− 1 of each polymer. 

Additional measurements to record Py-MS spectra used for decon-
volution were performed using 2 mg mL− 1 solutions of poly(2-ethyl 
hexyl acrylate) (PEHA, MW 92 kDa, Sigma Aldrich), poly(butyl meth-
acrylate) (PBMA, MW 213 kDa, PSS) and poly(butyl acrylate) (PBA, MW 
25.7 kDa, Polymer source incorporated, Dorval, Canada) in stabilized 
THF (VWR). These standards were also used for the relative response 
comparisons. 

Various copolymer samples were used to demonstrate the perfor-
mance of the developed system. Their chemical properties are outlined 
in Table 1. Chemical structures of all monomers and a generic structure 
of a copolymer are given in Supplementary Fig. 1. 

2.2. Synthesis and derivatization of complex model systems 

Sample 3 (Table 1) was synthesized as follows: a solution of 2.0 mL of 
sodium lauryl sulphate (32% w/w, VWR) was prepared in 200 mL 
demineralized water. Of this water phase 88.1 mL was heated to 80 ◦C 
under stirring, after which 172 mg ammonium persulphate (Merck, 
Amsterdam, The Netherlands) was added. The composition of the 
monomer phase mixture was 2.5 g methacrylic acid (MAA, VWR), 5 g 
EHA (Merck), 17.5 g BA (Merck), 25 g MMA (VWR) and 1.0 g of lauryl 

Table 1 
Details of copolymer samples used to demonstrate the system.  

Sample 
# 

Sequence Chemical 
composition 
(mass/mass) 

Mw, 
Dispersity 

Supplier and/or 
reference 

1 Block 24% Styrene 28 kDa, 
1.34 

Synthesis and 
analysis conditions 
in Ref. [26]. 

76% MMA 

2 Statistical 39% Styrene 141 kDa, 
1.95 

Sigma Aldrich, 
analyzed as 
described in 
Ref. [26]. 

61% MMA 

3 Statistical 50% MMAa 51 kDa, 
4.12b 

Synthesis conditions 
in Section 2.2 10% EHA 

35% BA 
5% MAA 

4 Statistical 30% MMAa 725 kDa, 
2.21b 

Synthesis conditions 
in Section 2.2 10% EHA 

20% BA 
40% Styrene  

a Composition according to synthesis recipe. 
b Analysis conditions described in Section 2.5. 
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mercaptan (Merck). These reagents were mixed, and 25 g of monomer 
phase was added dropwise to the water phase under stirring (250 rpm). 
The mixture was kept at 80 ◦C after end of monomer feed. The poly-
merization was driven to near full conversion. Post-synthesis the acid in 
the polymer was derivatized to phenacyl methacrylate (structure in 
Supplementary Fig. 1) as published by Brooijmans et al. [27]. 

The high molar mass polymer (Table 1, Sample 4) was synthesized 
using an identical water phase, to which instead 129.2 mg ammonium 
persulphate was added. The composition of the monomer phase mixture 
was 20 g styrene (Merck), 10 g BA (Merck), 5 g EHA (Merck) and 15 g 
MMA (VWR). The addition of the monomers was performed under the 
same conditions, the polymerization was again driven to near full 
conversion. 

2.3. The developed SEC×Py-FID/MS method 

To limit the total elution volume, a low volume SEC column was 
selected in the form of a polypore column (250 × 2.1 mm i.d., 5 μm 
particle size; Agilent, Waldbronn, Germany). The separation was per-
formed using a Shimadzu (‘s-Hertogenbosch, The Netherlands) 10ADvp 
LC-pump, a Shimadzu SPD-10Avp UV detector (operated at 254 nm) was 
placed after the column for inline detection. Injection on the SEC column 
was performed through a manual injection valve (model C1 2006,VICI, 
Schenkon, Switzerland), equipped with a 5 μL injection loop. THF 
(VWR) was used as an eluent. The first-dimension flow was operated as a 
ramped flow to limit the analysis time. The flow started at 0.1 mL min− 1 

for 2.75 min after which it was ramped down to 8 μL min− 1 over 0.5 min, 
at which it was kept during the rest of the run. 

The fractionation of the first-dimension separation was performed 
using a 10-port valve (Model MXT715-102, Rheodyne, Cotati, CA, USA) 
equipped with two 20 μL loops (loop dimensions 250 cm × 0.1 mm i.d., 
made from fused silica capillary, Postnova, Landsberg, Germany). Loop 
overfilling was monitored by an additional SPD-10Avp UV detector, 
operated at 254 nm. The collected fractions were eluted towards the Py- 
FID/MS instrument, in the countercurrent elution mode, by an addi-
tional Shimadzu 10ADvp LC-pump operated at a constant flow of 1 mL 
min− 1 of unstabilized THF (VWR). Injection into the Py- FID/MS was 
dictated by a 6-port valve (model Mxp 7900 000, Rheodyne), when the 
flow was not directed to the Py- FID/MS it was directed to waste via an 
additional SPD-10Avp UV detector which was operated at 254 nm. 

The Py-FID/MS instrument was a 2-D Shimadzu QP2010-plus GC 
system with an MS and FID (Shimadzu) equipped with an PTV injector 
(OPTIC-4, GL sciences, Eindhoven, The Netherlands). To facilitate fast 
cooling of the PTV, liquid nitrogen cooling was applied as offered by the 
manufacturer. Injection into the Py-FID/MS was performed via silica 
nano tubing (Polymicro Technologies, Phoenix, AZ, USA, 50 μm i.d., 
794 μm o.d.), a custom-made inlet nut (GL Sciences) with a graphite 
ferule was used to fixate the tubing, which was pierced through the inlet 
septum. 

The PTV was programmed at 60 ◦C for the first 30 s after which the 
temperature was ramped at 60 ◦C⋅s− 1 to 250 ◦C at which it was kept for 
3 s, to remove any residual solvent. No pyrolysis effects were observed at 
this temperature for the investigated polymers [28]. This step allows the 
evaporation of (semi-)volatiles, allowing them to be separated from 
pyrolysis products. For pyrolysis the PTV was ramped with 60 ◦C⋅s− 1 to 
600 ◦C at which it was kept for 10 s. The total PTV program took 52 s 
after which the instrument was cooled using liquid nitrogen for the next 
run, which took approximately 15 s. 

The GC oven temperature was kept constant at 340 ◦C (for both 
ovens) the transfer flow was 40 mL min− 1 with a 1:5 split ratio to ensure 
fast solvent evaporation while maintaining enough sensitivity. The 
transfer line consisted of 0.25 mm i.d. deactivated fused silica (Agilent) 
with a Y-piece splitting after 0.2 m. A 0.5 m transfer line connected the 
FID to the Y-piece. The MS was connected to the Y-piece by 1.8 m of 
transfer line. The split ratio was determined to be 1:6 between the MS 
and the FID, respectively. 

The MS was set to a 0.1 s event time with a scan range of 50–350 m/z, 
a 70 eV ionization voltage was applied. The solvent cut was set to 0.5 
min and the interface and source temperature were set to 340 ◦C and 
200 ◦C, respectively. The FID gas flows were set to 40 mL min− 1 of 
hydrogen and 400 mL min− 1 of air. 

A schematic representation of the setup and the time program can be 
seen in Fig. 1A and B, respectively. In short, from the point of injection 
analytes are separated on the (SEC) column, the first-dimension sepa-
ration is detected by UV detector 1 (UV1). The analytes are subsequently 
fractioned by the modulator, consisting of a 10-port valve equipped with 
two sample loops (overfilling of the loops is monitored by UV2), and 
transferred by pump B to the PTV. The 6-port valve regulates injection 
into the PTV and is only switched in line with the PTV briefly, otherwise 
the flow is switched to waste which is monitored by UV3. The PTV 
evaporates the solvent and performs pyrolysis, introducing analytes into 
the gas phase, the GC acts as a heated transfer line to the FID and MS 
detectors. 

2.4. Data and signal processing 

The GC data was acquired using GCMSsolution software (Shimadzu, 
version 2.71), which was also used for the GC instrument control. Lab-
solutions (Shimadzu, version 5.82) LC software was used to obtain the 
first-dimension separation data, to record UV data and for LC instrument 
control. Instrument control was aided by an Arduino mega 2560 
(Somerville, MA, United States) which controlled the synchronization of 
the different modules using a homemade Arduino script, sending start 
signals to the GC and LC and controlling the valve switches. The three- 
dimensional plots were created using in-house developed MATLAB 2021 
scripts (Mathworks, Natick, MA, USA), which were also used for peak 
integration and data processing. 

Deconvolution of the monomer distributions in a complex copolymer 
(mixture of Samples 3 and 4, Table 1) based on extracted ion currents 
was performed using m/z 104, 100, 112, 73 and 105, for styrene, MMA, 
2EHA, BA and acid (MAA derivatized to phenacyl methacrylate) 
respectively. The extracted ion current (XIC) used to quantify the acid 
was corrected for styrene isotopes by subtracting the m/z 104 signal 
multiplied by a factor of 0.088 as styrene contains 8 carbon atoms. 

Deconvolution of the mass spectra was performed using a genetic 
algorithm (ga function in MATLAB, used in hybrid with fmincon func-
tion) by minimizing Equation (1). Essentially deconstructing the mixed 
spectrum into a combination of the input spectra, minimizing the 
remainder. Where SMixed was the mixed spectrum, S1 denotes input 
spectrum one, S2 denotes input spectrum two etc. Cx was used to 
represent the respective relative concentration of each spectrum. 
Deconvolution was attempted with spectra of the monomers as input 
and with the spectra obtained from pyrolysis of homopolymers as input. 
Equation (1) was minimized for each mixed spectrum obtained over the 
SEC separation. The population size for the genetic algorithm was set to 
1 000 000, the lower bound for the concentration was set to 0, and the 
upper bound to 1014, the maximum number of generations was set to 
100. 

Remainder = (SMixed − ((S1 • C1) + (S2 • C2) + (S3 • C3) + … ) )
2 (1)  

2.5. SEC-RID 

The molar mass, analyte response and dispersity were determined 
using a polypore column (250 × 2.1 mm i.d., 5 μm particle size; Agilent) 
which was also applied in the online system. The system was calibrated 
using 8 PS standards (Mp range 3.47–1240 kDa, PSS). The separation 
was performed on an Agilent system containing an autosampler 
(G4226A), binary pump (G4220A), RID (G1362A), and UV detector 
(G4212A). The first-dimension flow was operated similar to the online 
runs to yield data as comparable as possible. The flow started at 0.1 mL 
min− 1 for 2.75 min, after which it was ramped down to 8 μL min− 1 over 
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0.5 min for which it was kept during the rest of the run. 

3. Results and discussion 

3.1. Method performance and calibration 

To validate the molar mass separation in SEC×Py-FID/MS, narrow 
molar mass PS standards were separated in online runs as described in 
Section 2.3. Furthermore, it was investigated if the molar mass separa-
tion was affected by the transfer to the Py-FID/MS instrument and 
possible molar mass effects were examined. The quantitative aspects of 

the method could be partially assessed by comparing the (quantitative) 
UV detector response with the obtained Py-FID/MS peak areas. The 
SEC×Py-FID/MS results of a blend of two narrow dispersity PS stan-
dards, with molar masses of 8.68 and 330 kDa, as detected by FID and 
MS are shown in Fig. 2A and B. 

As can be seen in Fig. 2 the FID and MS detect both eluting peaks, the 
pyrolysis products elute fully separated from volatile components 
(mainly solvent), which elute before 0.6 min. In Fig. 3, the (normalized) 
overlayed calibration measurements are shown as observed by UV, FID 
and MS. The inter-detector volume is corrected by taking the average 
time difference in peak apex between FID and UV and subtracting it from 

Fig. 1. A: Schematic representation of the developed method. B: Scheme featuring the modulation cycle.  

Fig. 2. Elution profile of the pyrolysis products of a 
SEC separation of 8.68 and 330 kDa narrow dispersity 
polystyrene standards as a function of time. A: The 
FID response, B: the response of the MS detector. The 
solid blue line indicates the UV signal (UV1, Fig. 1A), 
the solid line with diamonds indicates the sum of the 
MS signal and the dashed line with circles indicates 
the sum of the FID signal. Experimental conditions 
are outlined in Section 2.3, samples are described in 
Section 2.1. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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the FID and MS elution time. The results are in good agreement, espe-
cially the correlation between the FID and MS results is excellent. The 
peak ratios, widths and intensities are in line across all detectors, as is 
the constructed mass calibration (Fig. 4). As the molar mass calibration 
based on FID is in line with the calibration based on UV, it appears that 
the molar mass separation is not affected by the hyphenation. 

Two narrow PMMA standards (Mp 14.92 and 141.5 kDa, blue di-
amonds in Fig. 4) were included in the calibration to ensure that the 
constructed calibration line was also applicable to acrylate polymers. 
The PMMA standards were not detected by UV at the selected wave-
length (254 nm) and were only detected by Py-FID/MS. The PMMA 
standards were in line with the PS calibration, featuring the same slope. 
No significant molar mass effects were observed in the calibrated molar 
mass range (3.47–1240 kDa). The relative peak area per standard is 
given in Supplementary Fig. 2. No significant changes in response as a 
function of molar mass were found across the calibrated molar mass 
range. The variation coefficient in the obtained peak area was found to 
be 2.8% across the various molar mass standards, for equal mass in-
jections. Constant pyrolysis behavior of PS was observed for molar 
masses down to a Mp of 1.3 kDa, at which point partial evaporation of 
the oligomers was observed. Broad elution profiles were observed for the 
1.3 kDa standard, which were likely caused by the (partial) condensa-
tion of analytes in the transfer line (GC oven) as it was heated to 340 ◦C 
whereas the PTV was heated to 600 ◦C. Supplementary Fig. 3 features 
the SEC×Py-FID/MS run of the 1.3 kDa standard mixed with a higher 

molar mass standard (Mp 66 kDa) as a reference, the resulting FID area 
for the 1.3 kDa standard was found to be 48% lower than that of the 
reference. 

The quantitative aspects of the method can be partially judged based 
on the good agreement between the elution profiles as observed by UV 
and Py-FID/MS. To further explore the quantitative capabilities of the 
method, calibration lines were constructed. To ensure the quantitative 
performance, an internal pyrolysis standard, in the form of PEMA, was 
added to the first-dimension mobile phase. PEMA was selected as an 
internal standard as it is rarely found in commercial waterborne 
copolymer formulations and because it almost fully depolymerizes to its 
monomer. The internal standard corrects for small differences in (LC 
pump) flowrate or transfer efficiency. Loop overfilling of the modulation 
loops was not observed as the loops were only filled for 52% [29]. In our 
previous work on SEC-Py-GC, we observed broad modulation loop 
elution profiles, larger than the GC injection volume, resulting in 
incomplete sample transfer to Py-GC [20]. To limit modulation induced 
dispersion Moussa et al. recommended the use of coiled narrow i.d. 
loops [20,30]. We recently performed a practical study confirming these 
recommendations and finding that countercurrent elution further 
reduced modulation induced dispersion [31]. In that study it was also 
found that (particle) packed loops improved the loop elution profile. As 
inline detection is used in this work, the added pressure of packed loops 
was expected to be problematic. Therefore, coiled narrow i.d. loops 
(250 cm × 0.1 mm i.d.) and countercurrent elution were implemented 
yielding a transfer efficiency of >90% (based on the UV signals of UV1 
and UV3, Fig. 1A) at a 50 μL injection volume. The internal standard 
corrected for small fluctuation in this transfer volume, which can mostly 
be attributed to the small peak shift caused by the jumper (intra valve 
connection, Fig. 1A) volume. 

PMMA and PS calibration lines of 0.02–2 mg mL− 1 (0.1–10 μg on 
column) were acquired in online runs, 0.1 mg mL− 1 of PEMA was added 
to the first-dimension eluent as an internal standard. The response of 
each fraction was divided by the peak area of m/z 114, specific for 
PEMA. This corrected for changes in sample transfer efficiency as dis-
cussed above. The m/z 114 peak area over a run is given in Supple-
mentary Fig. 4 for reference. The run-to-run variation coefficient in the 
m/z 114 peak area was found to be 3.5%. The quantitative aspects of the 
FID, the total-ion current (TIC) and the XIC (m/z 100 and 104 for MMA 
and PS respectively) signals were investigated. The resulting calibration 
lines are given in Fig. 5. The XIC was by far the most sensitive detection 
method for specific monomers, featuring a higher S/N than the FID and 

Fig. 3. Overlay of narrow polystyrene measurements for molar mass calibra-
tion measured as observed by A: FID, B: MS detection (TIC) and C: UV detection 
(254 nm, UV1, Fig. 1A). Experimental conditions are outlined in Section 2.3, 
samples are described in Section 2.1, the dashed lines serve as a guide to the 
eye, Mp is given in kDa as specified by the manufacturer. 

Fig. 4. Molar mass calibration obtained by FID (grey) and UV (red) detection. 
Blue points indicate the two narrow molar mass PMMA standards measured by 
FID, tFP,UV indicates the elution time of the full permeation volume peak as 
observed by the UV detector. Experimental conditions are outlined in Section 
2.3, samples are described in Section 2.1, the dashed lines indicate the obtained 
calibration function. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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TIC signals. The FID featured a higher S/N than the TIC, yielding lower 
detection limits for total concentration detection. All calibration lines 
were found to be linear. The observed elution profile per detector for 
each injected concentration is given in Supplementary Fig. 5 for refer-
ence. It should be noted that the internal standard might decrease the S/ 
N for the total concentration signals as it provides a background signal. 

The method performance was evaluated on polymer samples as 
polymer analysis was the focus point of this work. The analysis of ad-
ditives was not a focus point and will not be covered in detail. The 
developed method is however capable of at least the qualitative moni-
toring of additives, given that they are not fully co-evaporated with the 
solvent. An example where 2,6-di-tert-butyl-4-methylphenol (BHT) is 
detected in a polymer sample is featured in Supplementary Materials 
Fig. 6 accompanied by some explanation. 

3.2. Characterization of copolymers by SEC×Py-FID/MS 

The calibrated system was applied to the analysis of various co-
polymers. In these cases, the FID was used as a total concentration 

detector, while the MS was used to gain insight into the chemical 
composition of the sample. As SEC was used as a separation mode, the 
chemical composition determined by MS could be directly related to 
molar mass, offering insight in the chemical composition heterogeneity. 
It should be noted that Py-FID/MS detection might also be of interest in 
gradient LC separations of polymers. Although not the focus point of this 
work, the interested reader is referred to Supplementary Materials 
Section 2 for a brief feasibility study of Py-FID/MS detection in gradient 
reversed-phase LC. 

A blend of a statistical and a block copolymer (Samples 1 and 2, 
Table 1, blend ratio 1:1, total concentration 4 mg mL− 1) was analyzed by 
SEC×Py-FID/MS to investigate the methods capability of assessing the 
chemical composition heterogeneity. Furthermore, the possibility of 
monitoring the sequence heterogeneity was examined, which was 
demonstrated to be possible by earlier offline and online SEC-Py-GC 
hyphenation experiments [20,26]. The established calibration lines 
(Section 3.1) were applied to quantify the MMA and styrene content. In 
Fig. 6A, the normalized overall concentration is represented as detected 

Fig. 5. Internal standard (IS) corrected calibration lines of PS (Blue) and PMMA 
(Red) A: corrected FID peak area versus injected concentration B: corrected TIC 
peak area versus injected concentration C: Corrected XIC peak areas for m/z 
100 (MMA) and 104 (Styrene) versus injected concentration. Experimental 
conditions are outlined in Section 2.3, samples are described in Section 2.1. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 6. A: Total polymer concentration as monitored by UV (UV1, Fig. 1A), FID 
and the sum of the calculated amount of MMA and styrene using the XICs. B: 
Concentration of MMA and styrene over the molar mass distribution, with the 
calculated mass percentage of styrene overlayed as calculated using m/z 104 
and m/z 104 + 91 for indicating the concentration of styrene. C: FID signal of 
the total amount of detected polymer overlaid with the ratio of the sum of the 
m/z 207 and m/z 208 peak area divided by the m/z 104 peak area, indicative of 
the blockiness of the polymer. Experimental conditions are outlined in Section 
2.3, samples are described in Section 2.1 (Table 1, Samples 1 and 2, ratio 1:1), 
the dashed lines serve as a guide to the eye. 
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by UV and FID. This was compared to the total concentration deter-
mined based on the XIC calibration of styrene and MMA. The methods of 
monitoring the total concentration featured good agreement. The UV 
detector should give a higher response for the statisical copolymer 
which relatively contains more styrene. The lower molar mass block 
copolymer contains UV active end-groups however, increasing its UV 
activity which results in better agreement with the other methods [26]. 

In Fig. 6B, the concentration of both monomers over the molar mass 
distribution is given. The elution of the MMA-rich block copolymer is 
clearly visible in the MMA concentration profile. At the apex of the low 
molar mass distribution the chemical composition determined based on 
the XIC (m/z 100 and 104, for MMA and styrene respectively) is 28% of 
styrene, which agrees with the composition determined by NMR (24%, 
Table 1). The slight increase can be explained by the overlapping high 
MW distribution which contains a higher fraction of styrene. Overall, the 
determined chemical composition seems to be in good agreement with 
NMR results (Table 1). The amount of styrene in the statistical copol-
ymer seems slightly overestimated however, being 50% (mass/mass) 
while NMR indicates 40% (mass/mass). By incorporating m/z 91 in the 
styrene calibration, which is indicative of styrene containing trimer and 
dimer fragments, a more complete view of the amount of styrene is 
obtained. This yields a more accurate chemical composition as seen in 
Fig. 6B, yielding styrene fractions of 45% and 26% for the high and low 
MW distributions, respectively. The calibration line for m/z 104 + 91 is 
given in Supplementary Fig. 7. 

The change in polymer microstructure or sequence over the molar 
mass distribution is of high interest, but its determination typically re-
quires extensive SEC fractionation and NMR measurements [23,32]. We 
have previously shown SEC-Py-GC to be capable of assessing sequence 
heterogeneity [26]. Since there is no GC separation in this case, m/z 207 
and 208 were monitored, which are indicative of grouped styrene (di-
mers) in styrene-MMA copolymers [28]. By dividing these masses by 
m/z 104, which is indicative of monomeric styrene fragments, an indi-
cation of the amount of grouped styrene could be given. While this is not 
a quantitative method for sequence determination, it does give an 
indication of the sequence heterogeneity over the molar mass distribu-
tion. As can be seen in Fig. 6C, there is a clear difference in the ratio 
between the m/z 104 area and the summed area of m/z 207 and 208, 
over the molar mass distribution. The lower molar mass block copol-
ymer clearly features more grouped styrene, which is in line with earlier 
offline Py-GC studies which were verified by 13C NMR [26]. 

A blend of Samples 3 and 4 (Table 1, blend ratio 1:1, total concen-
tration 4 mg mL− 1) was investigated as a model polymer-oligomer sys-
tem, chosen to represent an industrial sample of realistic complexity. 
Both samples were also measured separately for reference. The meth-
acrylic acid present in the oligomer was derivatized to phenacyl meth-
acrylate by a method recently published by Brooijmans et al. [27]. 
Fig. 7A features the UV, FID and TIC signal of a duplicate measurement 
of the blend. As can be seen, the UV response of the low molar mass 
distribution is much more intense than that of the high molar mass 
distribution, which can be explained by the high molar absorption co-
efficient of the phenacyl methacrylate. MS and FID give a relatively 
similar signal for both distributions. Based on separate measurements of 
equal mass injections of both polymers the response ratio of the polymer 
to oligomer was 0.20, 1.95, 1.54 and 1.77 for UV, TIC, FID, and RID 
(measured as described in Section 2.5), respectively. The FID thus yields 
the best indication of concentration without correction, which is 
unspringing as it is essentially a carbon counter which offers a relatively 
constant response. An overview of the theoretical and observed relative 
response factors of various polymers for both RID and FID is given for 
reference in Supplementary Fig. 8, accompanied by some additional 
information. 

Determining the chemical composition of such a complex system 
using a specific mass for each monomer is challenging, as other pyrolysis 
products might yield fragments of the same mass as the monomer of 
interest. This is especially the case in this system, which contains four 

structurally similar acrylic monomers. Another factor which renders the 
chemical composition determination not straightforward, is that some 
monomers form different pyrolysis fragments when incorporated in a 
copolymer. PMMA, for instance, almost fully depolymerizes to MMA. 
However, when MMA is incorporated in a copolymer with, for instance, 
styrene it is partially incorporated in the yielded hybrid dimers and 
trimers [28]. This renders quantification based on calibration curves 
constructed by the pyrolysis of homopolymers inaccurate. This is a 
fundamental issue in using Py-GC or Py-FID/MS to determine the 
chemical composition of copolymers, which is a downside of the 
method. For the styrene-MMA copolymers studied before, this is of less 
concern as the copolymer mostly degrades to monomers. For this more 
complex blend, deconvolution of the monomer distributions was 
attempted using several approaches; the experimental details of which 
are described in Section 2.4. In short, it was found that using specific 
masses for each monomer did not yield accurate results, as some 

Fig. 7. A: Overlay of the TIC and FID response for two duplicate injections, the 
UV signal (UV1, Fig. 1A) represent the average of two measurements, dotted 
lines serve as a guide for the eye B: Deconvoluted reconstructed TIC signal for 
each monomer corrected for the internal standard, performed in duplicate. C: 
Calculated relative mass fraction of each monomer over the molar mass dis-
tribution, performed in duplicate. Labels indicate the composition fraction of 
monomers of the low and high molar mass distribution. Experimental condi-
tions are outlined in Section 2.3 and Section 2.4 (deconvolution), samples are 
described in Section 2.1 (Table 1, Samples 3 and 4, ratio 1:1) the synthesis 
conditions are outlined in Section 2.2, the dashed lines serve as a guide to 
the eye. 
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