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INTRODUCTION

Polyurethane (PU)

Among the most used copolymers

One of the most versatile material

Applications

According to their chemical composition => different properties -> applications

Flexible foam

in upholstered furniture

Rigid foam

in construction insulation or automobile

Coatings, Adhesives, Sealants

Thermoplastic polyurethane

in medical devices and footwear



Polyurethane synthesis
Polyaddition of a diisocyanate to a polyol in the presence of additives

Complex composition and different structures

Copolymer → difficult to characterize directly by MS without sample treatment:

preliminary dissociation of each segment from the copolymer (e.g. pyrolysis or chemical dissociation)

Py-GC/MS and/or MALDI/MS

⇒⇒⇒⇒ Aim: direct analysis of PU by mass spectrometry

Hard segment
Diisocyanate

Soft segment
Polyols (polyester or polyether)

Additives

CEA | SMAP 2015

STRUCTURAL COMPOSITION
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Additives Reasons for use

catalysts to speed up the reaction

cross-linking and 

chain-extending 

agents

to modify the structure of PU molecules 

and to provide mechanical reinforcement

blowing agents

surfactants

to create polyurethane as a foam

to control the bubble formation

pigments to create colored polyurethanes

fillers to improve properties

flame retardants to reduce flammability of the end product

smoke suppressants to reduce the rate at which smoke is 

generated if the polyurethane is burnt

plasticizers to reduce the hardness of the product



AMBIENT MASS SPECTROMETRY 

THERMAL - PLASMA SOURCES

DART (Direct Analysis in Real Time) ASAP (Atmospheric Solid Analysis Probe)

Samples

liquid or solid samples

Use of pure sample

Direct analysis of the sample Sample deposited onto glass tube

Analyzed 

compounds

Non polar to polar

Volatiles or semi-volatiles

Sample 

desorption

Desorption using a hot metastable He/N2 flux Desorption of solid in hot gas stream (N2)

Ionization Ionization by excited He atoms produced from  a 

corona discharge
Ionization from plasma generated by a corona 

discharge

Produced 

ions

Positive mode: M+° , [M+H]+, [M+O+H]+, [M+NH4]+

Negative mode: M-°, [M-H]-, [M-H+O2]-, [M+O2]-° ,

[M+OH]-

Positive mode : M+°, [M+H]+

Negative mode: [M-H]-
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Jürgen H. Gross, Anal Bioanal Chem (2014) 406:63–80 Charles N. McEwen et al., Anal Chem (2005) 77:7826-7831



ANALYZED SAMPLES

Industrial samples
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Electric cable sheath 

wind-sock used for 

laboratories air extraction
Hard Segment

MDI 1,4-butanediol (BD)

= Chain extender 
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MDI 1,4-butanediol (BD)

= Chain extender 

* N
H

O

N
H

O

O

O
*

n

 



ASAP - manche a air - partie rouge brulee - T= 350 C

m/z
200 400 600 800 1000 1200

%

0

100

150127_21 42 (0.758) Cm (42:83-(1:39+87:104)) TOF MS AP+ 
2.84e4401.2

111.0 383.2
201.1

257.2

601.3

473.3
475.3

602.3
801.4

603.3

676.4

802.4

803.41001.5

ASAP - manche a air - partie rouge brulee - T= 350 C

m/z
100 150 200 250 300

%

0

100

150127_21 39 (0.703) Cm (36:39-(1:33+45:104)) TOF MS AP+ 
2.52e3225.1

132.0

104.1

223.1

222.1
165.1

133.1 196.1

239.1

265.1

301.0266.1

ASAP - manche a air - partie rouge brulee - T= 350 C

m/z
200 400 600 800 1000 1200

%

0

100

150127_21 32 (0.573) Cm (30:32-(1:28+36:104)) TOF MS AP+ 
1.79e3447.3

391.3

327.1

448.3

461.4

462.4

POLYESTER PU

MS SPECTRA COMPARISON
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DART

ASAP

DART - Pur manche a air - T=350 C - mode positif

Scan
50 60 70 80 90 100 110 120

%

0

100

150805_02 TOF MS ES+ 
TIC

2.11e5
1.501.42

1.07

1.55

1.91 2.07 2.15

DART - manche a air - partie rouge - T= 550 C

m/z
200 400 600 800 1000 1200

%

0

100

150127_05 27 (0.481) Cm (27:49-(1:22+66:90)) TOF MS ES+ 
1.84e3447.3

391.2

291.1127.0

448.3

461.3

573.3 854.5 910.6

ASAP - manche a air - partie rouge brulee - T= 350 C

Scan
10 20 30 40 50 60 70 80 90 100

%

0

100

150127_21 TOF MS AP+ 
BPI

1.08e3
0.78

0.55

0.96
1.02

1.20
1.33

1.50

1
2

3

1

2

3



No polymeric distribution

TOF analyzer → exact mass measurements → additives identification

Additives mass spectrum with good intensity and no in-source dissociation

Similar mass spectrum as ASAP

DART ANALYSIS – WIND SOCK
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DART - Pur manche a air - T=350 C - mode positif

Scan
50 60 70 80 90 100 110 120

%

0

100

150805_02 TOF MS ES+ 
TIC

2.11e5
1.501.42

1.07

1.55

1.91 2.07 2.15

DART - manche a air - partie rouge - T= 550 C

m/z
100 200 300 400 500 600 700 800 900 1000 1100

%

0

100

150127_05 32 (0.573) Cm (28:48-(1:22+66:87)) TOF MS ES+ 
1.70e3447.3

391.2

127.0147.0 291.1236.1

418.2

448.3

461.3
527.2

462.3
573.3 854.5

H
+
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O

C8H17

C8H17

H
+

 

O

O

O

O

C10H21

C10H21

DnOP

(Plasticizers)

DIDP

(Plasticizers)

*: NH4
+ adduct

*

*

Bisphenol AP

(Plasticizers)

OH

OH

 

H
+ O

O

C10H21

O

O
C11H23

Phthalate

(Plasticizers)

Experimental 

mass (m/z)

Calculated 

mass (m/z)

Mass error

(ppm)

461.3645 461.3631 3,0

447.3483 447.3474 2,0

391.2809 391.2848 -10,0



Detection of molecular ion M+• for MDI 

Detection of characteristic fragments of MDI: pyrolysis products and in-source dissociations:

1,5 H transfert from β-CH or 1,3 H transfert from NH

Or radical abstraction

⇒ Structural identification of the PU Hard Segment
CEA | SMAP 2015

ASAP ANALYSIS – WIND SOCK
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Robert P. Lattimer et al., J Anal Appl Pyrol 17(3):237–249

ASAP - manche a air - partie rouge brulee - T= 350 C

m/z
80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260

%

0

100

150127_21 39 (0.703) Cm (36:39-(1:33+42:105)) TOF MS AP+ 
1.91e3132.0

104.1

225.1

223.1

222.1
208.1

165.1

133.1

150.1

180.1

166.1

196.1

206.1
209.1

239.1

226.1

237.1 249.1

M =                                                 = MDI

M+
.

NH2 CH N
+

C O

CH N
+

C O

NHCH2

+

CH2 N C OO C N

[M-H
.
]+

CH2 N
+

C O

NH2 CH NH

+

CH NH

+

ASAP - manche a air - partie rouge brulee - T= 350 C

Scan
10 20 30 40 50 60 70 80 90 100

%

0

100

150127_21 TOF MS AP+ 
BPI

1.08e3
0.78

0.55

0.96
1.02

1.20
1.33

1.50

2
N

+
C OCH2



ASAP - manche a air - partie rouge brulee - T= 350 C

Scan
10 20 30 40 50 60 70 80 90 100

%

0

100

150127_21 TOF MS AP+ 
BPI

1.08e3
0.78

0.55

0.96
1.02

1.20
1.33

1.50

3

Fragments ions produced

by pyrolysis degradation: intramolecular ester exchange → cyclic polyester

supposed to be by low energy dissociation: 1,5-H transfer from β-CH

⇒ Structural identification of Soft Segment of PU
CEA | SMAP 2015

ASAP ANALYSIS – WIND SOCK
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ASAP - manche a air - partie rouge brulee - T= 350 C

m/z
350 400 450 500 550 600

%

0

100

150127_21 42 (0.758) Cm (41:85-(1:39+88:104)) TOF MS AP+ 
2.98e4401.2

383.2

375.2

329.2

601.3

473.3402.2

403.2

455.3

419.2
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491.3
583.3
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Lactonisation of polyesters with temperature

ASAP - manche a air - partie rouge brulee - T= 350 C

m/z
200 400 600 800 1000 1200

%

0

100

150127_21 42 (0.758) Cm (41:85-(1:39+88:104)) TOF MS AP+ 
2.98e4401.2

111.0

383.2

201.1

375.2

601.3

473.3

475.3

491.3

602.3

801.4

603.3

675.4

676.4

802.4

803.4 1001.5
873.5 1002.5

Zoom

Polybutanediol adipate (PBA)

200,1 g/mol

Smith MJP et al., Analyst 137(19):4524–4530



Desorption of the components can be controlled by applying a gradient of temperature

Additives are desorbed at lower temperature than segments of PU

Hard segment is thermally degraded at lower temperature than soft segment → information 

on PU thermal sensibility (results confirmed by ATG experiments) |  PAGE 10CEA | SMAP 2015

ASAP ANALYSIS - WIND SOCK

ASAP - manche a air - partie rouge brulee - T= 350 C

m/z
60 80 100 120 140 160 180 200 220 240 260 280

%

0

100

150127_21 35 (0.629) Cm (32:35-(1:27+45:104)) TOF MS AP+ 
1.61e3132.0

104.1

223.1

133.0
196.1

180.1165.1

134.1

208.1

251.1

225.1

226.1

250.1

265.1

ASAP - manche a air - partie rouge brulee - T= 350 C

Scan
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105

%

0

100

150127_21 TOF MS AP+ 
BPI

1.08e3
0.78

0.55 0.680.65

0.96
1.02 1.09

1.20
1.33

1.50

ASAP - manche a air - partie rouge brulee - T= 350 C

m/z
200 400 600 800 1000

%

0

100

150127_21 43 (0.777) Cm (43:83-(1:39+87:104)) TOF MS AP+ 
2.74e4401.2

111.0

83.0

383.2

201.1

183.1 375.2
255.2

329.2

601.3

473.3

403.2

475.3

491.3

503.3

602.3

801.5

603.4673.4

675.4

676.4

802.5

803.5 1001.6
873.5 1002.6

O C N C
H2

N C O

 

H
+

N
+

C OCH2

Hard Segment detection Soft Segment detection

ASAP - manche a air - partie rouge brulee - T= 350 C

m/z
200 250 300 350 400 450 500 550 600 650

%

0

100

150127_21 32 (0.573) Cm (30:32-(1:28+35:102)) TOF MS AP+ 
1.48e3447.3

391.3

327.1

392.3

448.4

461.4

462.4

H
+
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O

O

O

C8H17

C8H17

P

O

O O
O

 

H
+

H
+

 

O

O

O

O

C10H21

C10H21

Additive detection

Triphenyl phosphate

(flame retardant)

DnOP

(Plasticizers) DIDP

(Plasticizers)

O

O

C10H21

O

O
C11H23

 

H
+ Phthalate

(Plasticizers)

D. Lebeau et al., Anal Bioanal Chem 407:7175–7187



ASAP - PUR Gore - fondu - T= 500 C

m/z
250 500 750 1000 1250 1500

%

0

100

150202_26 65 (1.184) Cm (62:80-(1:55+94:113)) TOF MS AP+ 
1.12e4811.6

739.6

667.5

595.5

523.4
507.4251.1

883.7

955.8

1027.8

1028.8

1100.9
1245.0

ASAP - PUR Gore - fondu - T= 500 C

m/z
100 125 150 175 200 225 250 275 300

%

0

100

150202_26 47 (0.851) Cm (44:47-36:44) TOF MS AP+ 
1.22e3251.1

132.0
223.1

208.1196.1133.1
165.1

224.1

252.1

269.1

ASAP - PUR Gore - fondu - T= 500 C

m/z
100 200 300 400 500 600

%

0

100

150202_26 39 (0.703) Cm (36:41) TOF MS AP+ 
3.81e3419.3

149.0

121.0
219.1 293.2

257.3 391.3294.2

420.3

447.4

POLYETHER PU

MS SPECTRA COMPARISON
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DART

ASAP

DART - Pur Gore - T=400 C - mode positif

m/z
200 400 600 800 1000

%

0

100

150805_05 73 (1.332) Cm (66:82-(15:35+101:115)) TOF MS ES+ 
1.40e4522.5450.5

433.4

430.3145.1

361.4

217.2

594.6

666.7

667.7
801.8

891.9

1

2

3

DART - Pur Gore - T=300 C - mode positif

Scan
10 20 30 40 50 60 70 80 90

%

0

100

150805_06 TOF MS ES+ 
TIC

1.41e5
0.63

0.52

0.020.11

1.18

ASAP - PUR Gore - fondu - T= 500 C

Scan
20 40 60 80 100

%

0

100

150202_26 TOF MS AP+ 
TIC

2.63e5
1.11

0.700.650.28

1 2

3



PU POLYETHER - ELECTRIC CABLE SHEATH 

DART Analysis

Detection of polyether polymer (PTMEG) → detection of soft segment
Detection of ammonium adducts

Polyether PU: only polymer detection and no information on additives |  PAGE 12CEA | SMAP 2015

DART - Pur Gore - T=400 C - mode positif

m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200

%

0

100

150805_05 73 (1.332) Cm (68:79) TOF MS ES+ 
1.11e4522.5

450.5

433.4

145.1 430.3378.4

361.4289.3

217.2

205.1

279.2

220.2

306.3

379.4

402.3

505.5

451.5

478.4

594.6

577.6

523.6

565.6

666.7

595.6

637.7

596.6

667.7
738.8

721.8
739.8 801.8

873.9 891.9

: OCH2 CH2
CH2

CH2OH n
 H

: NH4
+ adduct

PTMEG

72 g/mol

DART - Pur Gore - T=300 C - mode positif

Scan
10 20 30 40 50 60 70 80 90

%

0

100

150805_06 TOF MS ES+ 
TIC

1.41e5
0.63

0.52

0.020.11

1.18



PU POLYETHER - ELECTRIC CABLE SHEATH 

ASAP Analysis

Desorption of the components controlled by the temperature

Additives are desorbed at lower temperature than segments of PU

Hard segment is thermally degraded at lower temperature than soft segment → whatever the 

soft segment nature, hard segment is more thermally sensible |  PAGE 13CEA | SMAP 2015

ASAP - PUR Gore - fondu - T= 500 C

m/z
50 100 150 200 250 300 350 400 450 500 550 600 650

%

0

100

150202_26 39 (0.703) Cm (36:40) TOF MS AP+ 
3.19e3419.3

149.0

121.0

219.1

150.0

293.2

285.3 391.3
294.2

420.3

447.4

448.4

ASAP - PUR Gore - fondu - T= 500 C

Scan
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110

%

0

100

150202_26 TOF MS AP+ 
TIC

2.63e5
1.11

0.700.65
0.28

ASAP - PUR Gore - fondu - T= 500 C

m/z
75 100 125 150 175 200 225 250 275 300 325 350

%

0

100

150202_26 47 (0.851) Cm (44:47-36:41) TOF MS AP+ 
1.61e3251.1

132.0

250.1
223.1

208.1

196.1133.1 180.1
165.1

224.1

252.1

327.1
269.1

307.3 328.1

O C N C
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N C O
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+

C OCH2

NH2 CH N
+

C O

ASAP - PUR Gore - fondu - T= 500 C

m/z
200 400 600 800 1000 1200 1400 1600 1800

%

0

100

150202_26 73 (1.332) Cm (72:89-(1:47+92:113)) TOF MS AP+ 
7.19e3883.7

811.6

739.6

667.5

651.5

507.4
435.4

955.8

1027.8

1028.8

1100.9

1171.9

1173.0

1244.0

1316.1

OH
O

H
n
 

H
+

 

O

O

O

O

C9H19

C9H19

H
+

 

O

O

O

O

C10H21

C10H21

PTMEG

72 g/mol
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CONCLUSIONS

COMPARISON OF POLYMERS ANALYSIS

Polyester PU (Wind-sock) Polyether PU (Electric cable sheath) 

DART

ASAP

ASAP - manche a air - partie rouge brulee - T= 350 C

Scan
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DART - Pur Gore - T=300 C - mode positif

Scan
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
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CONCLUSIONS

COMPARISON OF ANALYTICAL TECHNIQUES
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DART ASAP

Fast analysis (< 1 min)

Two similar desorption/ionization processes

No sample preparation

Less complicated mass spectra

Good sensitivity for additives detection

Detection of soft segment of polyether PU 

only

Characterization of the PU: Hard and soft segments 

(polyether and polyester)

Identification of additives

Fragment ions: 

Pyrolysis products

In-source dissociation, resulting from C-C and C-O 

bonds cleavages (radical and charge directed 

process)

Desorption of compounds with gradient of temperature:

Temporal separation of molecules in function of 

their volatilization and/or degradation temperature

ASAP allows the study of thermal degradation of PU 

⇒ Two complementary thermal-based ionization techniques for the study of crude 

polymer and their additives, directly on the sample
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