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Ccaden |INTRODUCTION

Polyurethane (PU)

B Among the most used copolymers
B One of the most versatile material
B Applications

-

Flexible foam
in upholstered furniture

Rigid foa Thermoplastic polyurethane
in construction insulation or automobile in medical devices and footwear

B According to their chemical composition => different properties -> applications
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DE LA RECHERCHE A L INDUSTRIE

Ccaden STRUCTURAL COMPOSITION

Polyurethane synthesis

B Polyaddition of a diisocyanate to a polyol in the presence of additives

Reasons for use

) Hard segment Additives
RN ..
© Diisocyanate catalysts
N Os N og e
o S e \C\o g Additives cross-linking and
chain-extending
/ blowing agents
P surfactants
Soft segment pigments
Polyols (polyester or polyether) = fillers
oot +FR o-¢- oﬂ—kaofcfofRfofc% flame retardants

(o]

«ﬁ “o- orzocﬂ» smoke suppressants
<‘|:> T fR o— C

ponbutadlene OTL
polycaprolactone 5\ syifide polyca rbonate plasticizers

B Complex composition and different structures

to speed up the reaction

to modify the structure of PU molecules
and to provide mechanical reinforcement

to create polyurethane as a foam

to control the bubble formation

to create colored polyurethanes

to improve properties

to reduce flammability of the end product

to reduce the rate at which smoke is
generated if the polyurethane is burnt

to reduce the hardness of the product

B 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
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AMBIENT MASS SPECTROMETRY

THERMAL - PLASMA SOURCES

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

liquid or solid samples

Samples Use of pure sample
Direct analysis of the sample Sample deposited onto glass tube
Analyzed Non polar to polar
compounds Volatiles or semi-volatiles
Sample Desorption using a hot metastable He/N, flux Desorption of solid in hot gas stream (N,)
desorption
lonization lonization by excited He atoms produced from a lonization from plasma generated by a corona

corona discharge discharge

Produced Positive mode: M*", [M+H]*, [M+0O+H]* [M+NH,]* Positive mode : M*’, [M+H]*
ions Negative mode: M-, [M-H], [M-H+0,], [M+0,] ",
[M+OH] Negative mode: [M-H]

Perforated Dip-it sampler

electrode Grid
Glow electrode Analyte

A\
discharge Heated gas

He. !N Heater
—

i
T

: :: * o % 4% ae l -ﬂ]l
/ : Metastable He/N

Corona discharge

Needle Grounded Insulator cap
electrode electrode

ML Sample loaded onto
melting point caplliary | PAGE 4
Robert B. Cody et al., Anal Chem (2005) 77:2297-2302
Jirgen H. Gross, Anal Bioanal Chem (2014) 406:63—-80 Charles N. McEwen et al., Anal Chem (2005) 77:7826-7831



Ccaden ANALYZED SAMPLES

Industrial samples

wind-sock used for
laboratories air extraction

Hard Segment Soft Segment

Polyester %L JL ]L %\/\/\,( %
PU
MDI  l4-butanediol (BD)  pglybutylene adipate (PBA)
= Chain extender
Electric cable sheath
Hard Segment Soft Segment
(@] (0]
o)
*/P\NNJ\O/\/\/O . *M ﬂ?*
Polyether H "y "

PU Y Poly(tetramethylene ether)

vplI  1,4-butanediol (BD) glycol (PTMEG)
= Chain extender
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DE LA RECHERCHE A L INDUSTRIE

POLYESTER PU

MS SPECTRA COMPARISON

TOF MS ES+
TOF MS ES+ 100, 4473 1.84e3
142 150155 TIC
100y 2.11e5
391.2 :
DART o
448.3
461.3
0 Scan 1270 2911 hJ | 5733 854.5910.6
50 60 80 90 100 110 120 (oL RS ERIVIN D1 1T by ‘ -m/z
200 400 600 800 1000 1200
TOF MS AP+
100, 447.3 1.79e3
o 4483
S 391.3
461.4 e
462.4
327.1| |
TOF MS AP+ 0 ‘ bl w w w — m/z
100 078 oos BPI 200 400 600 800 1000 1200
2 A 1.02 1.08e3 TOF MS AP+
0.55 1.20 133 100, 225.1 2.52e3
ASAP
S 223.1
239.1
N
51 2221
16 20 70 50 70 80 90 100 °°" 133.1 196.1 265.1
104.1 ‘ “ || [?6613010
0 L [ - | . | [ Wl m/z
100 150 200 250 300
TOF MS AP+
100, 4012 o o 2.84e4
3 o
& 4733 %3 8014
475.3
11112)01.1 383.2 6033  802.4 | PAGE6
J 257.21 | F?GA 803.41001.5
0 l‘\LJ‘; Lm‘.m\ L J‘hllﬂ‘l.“ bk b l . . m/z
200 400 600 800 1000 1200



DE LA RECHERCHE A L INDUSTRIE

DART ANALYSIS — WIND SOCK

TOF MSES+

100 110 |1

TS0 60 70 80 90

%

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

DIDP
Pnop (Plasticizers) i
.. 447.3 1.70e3
(Plasticizers) o ¢
b Scan H+
o o i Experimental Calculated Mass error
/CIOHZI
(o]
o Cefur @#O\ mass (m/z) mass (m/z) (ppm)
C10H21
OscHy, g 461.3645 461.3631 3,0
© \ 447.3483 447.3474 2,0
o1 391.2809 391.2848 -10,0
Bisphenol AP
(Plasticizers) Q
_C,H
W o *®  Phthalate
OH (@] « e
O 448.3 “c,H,,  (Plasticizers
o) * I ( ) *: NH,* adduct
O 418.2
\ 3
527.2
E 3 462.3
127.0147.0 5351 2011 ‘ J‘ ( ‘ 573.3 854.5
—_ ‘\H ' s J ‘ ‘IL bbbl i b o “Hh wb bl L e A ‘u e \‘\ ‘M - i i h‘\ “\ o by hl I . . m/z
100 200 300 400 500 600 700 800 900 1000 1100
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DE LA RECHERCHE A L INDUSTRIE

Ccaden ASAP ANALYSIS — WIND SOCK

TOF MS AP+
10 B 096

M = O=C=N4©70Hr©7N=C=O = MDI

TOF MS AP+
100 132.0 1.91e3
0 10 2 30 40 50 6 70 8 90 100 Sean 225.1
HZNOCHGNEC=O
+ 223.1
HZNOCH:QZNH—l
N
Oro O \Oo=Oee|| -
/! M-H"]*
222.1 226.1 [ ]
. 208.1
H,C —=N=C=0 e
165.1 M
+ 180.1 196.1
—| 133.1
H2C NH 237.1 249
166.1 206.1
150.1 209.1
104.1 ‘ (
O+ . . . - . . . . Al . ) “l e | . . Ll . ‘l . ‘\ . . “ N1 A - A — miz
80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260

B Detection of molecular ion M** for MDI

B Detection of characteristic fragments of MDI: pyrolysis products and in-source dissociations:
= 1,5 H transfert from [3-CH or 1,3 H transfert from NH
== Or radical abstraction

— Structural identification of the PU Hard Segment CEA | SMAP 2015 | PAGE S

Robert P. Lattimer et al., ) Anal Appl Pyrol 17(3):237-249



DE LA RECHERCHE A L INDUSTRIE

ASAP ANALYSIS — WIND SOCK

= polybutanediol adipate (PBA)

200,1 g/mol Lactomsa‘uon}m@ers with tempeHrature+
:--qiﬂi'------------i E O~ %/
! @ Zoom: TOF MS AP+ sz [M : J
100. 401.2 2.98e4 : 100; ' N °®
® H
: 601.3

i " 601.3
o\/\/\o/}’
$ {M ’ }

o W
° A O\/\/\o H
S > o

i " 602.3

473.3 1 8014

111.0 : 475.3
802.4

8034 10015
l 873.5 171002.5

(o st b dordy —m/z

200 5400 .neens 600..: 800 1000 1200
B Fragments ions produced

== by pyrolysis degradation: intramolecular ester exchange — cyclic polyester

= supposed to be by low energy dissociation: 1,5-H transfer from [3-CH
= Structural identification of Soft Segment of PU

Smith MJP et al., Analyst 137(19):4524-4530
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DE LA RECHERCHE A L INDUSTRIE

Ccaden ASAP ANALYSIS - WIND SOCK

TOF MS AP+

0.78

100, 0.96

102 109
055 0,65 0.68 1.20

150
O \ .
5 10 :VZO 25 30 35 40 45 X 55 60 65 70 75 80 8! 90 95 100 105
TOF MS AP+ . TOF MS AP ) . TOF MS AP+
100 447.3 1.48e3 1o, 1320 H,C —N=Cc=0 1.61e3 4012 . 2.74e4
DnoP T

(Plasticizers) . | . =
©¢ DIDP e O O]

%

o | (Plasticizers)
[0}
O\CEH” 2231

o

448.4 S 251. &

91.3 1602.3

Triphenyl phosphafg Y
(flame retardant) Phthalate

.
H
o
. 461. HPa 475.3
. EXY < Plasticizers)
Q 133.0 1061 265.1 383.2 [403.2] s0s.ac73a 2925
_P_ Osc - 226.1 \
oTLo 392.3 123 208.1 201.1

— o %0

(o} 250.1 491.3 675.4

180.1 183.1
\© 462.4 165.1 2552 3752 503.3 503.5 10016
327 1061 1341 83 l Fzg.zl } { J J g764 8735 flooz.e
o L - . TR W ‘muwm b Ll e 1L m/z o L I | il | I ol Ml b H(.Mﬂ JAELL Ll l miz
200 250 300 350 400 450 500 550 600 650 60 80 100 120 140 160 180 200 220 240 260 280 200 400 600 800 1000

Additive detection Hard Segment detection Soft Segment detection

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

B Additives are desorbed at lower temperature than segments of PU

B Hard segment is thermally degraded at lower temperature than soft segment — information
on PU thermal sensibility (results confirmed by ATG experiments) CEA | SMAP 2015 | PAGE 10

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



o d@ POLYETHER PU

MS SPECTRA COMPARISON

TOF MS ES+
TOF MS ES+
100 TIC 100, 450.5 522.5 1.40e4
1.41e5 4334
DA RT 145.1 430.3 P9Re <<
R S 361.4 666.7
667.7
217.2 8018
Lo llalll 1L L 891.9
\u“\ . i | I L Ll H‘Hn n‘ﬁ; ot i m/z
0 Scan 200 400 600 800 1000
TOF MS AP+
100, 4193 3.81e3
Q|
RS 1490 420.3
1 219.1 2932 4474
3 121.0 | 257.3 | 2042 391.8) "'/ '
T N . . . L, . . ; m/z
Y TOFMS ARY. 100 200 300 400 500 600
100y ' 2 6368 TOF MS AP+
100, 251.1 1.22e3
ASAP .
132.0
1 2 s 2231
. 252.1
028 0.650.70 2
0 i . i i i i i i i i —Scan 133.1 196.1 208.1 [224.1 269.1
20 40 60 80 100 o (- .s1 o Ll | - miz
100 125 150 175 200 225 250 275 300
TOF MS AP+
! 811.6 1.12e4
100 739.6/883.7
667.5 955.8
S 505.5 1027.8
3 1028.8
523.4 1100.9
251.1 507.4 LU T | 12450 | PAGE 11
0 T L i .\ 1 - | m/z

250 500 750 1000 1250 1500



C2aden PpuU POLYETHER - ELECTRIC CABLE SHEATH

DART Analysis _@

TOF MS ES+

. TOF MS ES+
B 522 1.11e4
4505 PTMEG
10 20 30 40 50 60 70 80 920 Scan 72 g/m0|
433.4 505.5 . _ — J— N +
O: HO‘PCH2 CH; CH2 CH;—O N H
594.6
1451 378.4 4303 577.6
N
B : NH,*" adduct
(| O 4515 | 2236 B
289.3 3614 666.7
595.6
m 379.4 (]
(| 306.3 | |402.3
217.2 478.4 m
667.
279.2
i 5656 | 1637.7 38.8
: 596.6 721.8
l 220.2 l L l l l 739.8 go1.8
873.9.891.9

Ol "1‘ LML‘H‘\ Ly \“ h\ﬁ\ h‘\‘ Y w“\‘\m‘\ . uﬂw“ Ll ‘m‘“ i M\‘ l“\h Ll ! L\L‘\L " LH‘ i ks [ L ‘ ‘ ‘ iz
100 200 300 400 500 600 700 800 900 1000 1100 1200

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

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



C2aden PpuU POLYETHER - ELECTRIC CABLE SHEATH

ASAP Analysis

w

TOF MS AP+

111 TIC
100y 2.63e5

£ 1 2

0.70
0.28 0%s \
0
5 10 15 20 25 40 45 50\65 70 75 8 85
rrrrr
a0 251.1 1.61e3

Scan
105 110

S AP+
777777

o q 2 3
\ DINP ~N i T o
prOP OO | [0 ok
©¢ : i o= )szemo A pT™MEG
: o O\CBH” l420.3 D I D P i | 231 Y 10288 72 g/m OI
o (Plast|C|zer)
219.1 293.2 \ 2 {@i } 208.1 2241 | 2601 327.1 651(.;:}7.5 \ 117'1157:;4.0
O50 ‘ :I‘.JOIZi.O . ifs.ﬁ \/2?4.2 ) BQILILB hd o 13‘3.1“1%%%11 15:[.1‘\‘ ‘L‘ . ‘ L‘ * 30[7.3 “FZT. ek O20‘1‘) - fsj)fo}]‘zﬂojl l8 0 : 0’00 l 120{ ‘[131‘5001 000000
Additive detection Hard segment detection  Soft segment detection

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 CEA | SMAP 2015 | PAGE 13



oA den CONCLUSIONS

COMPARISON OF POLYMERS ANALYSIS

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

Soft Segment

Additives o

Ao
(PTMEG)

DART

ASAP




CONCLUSIONS
COMPARISON OF ANALYTICAL TECHNIQUES

Fast analysis (< 1 min)
Two similar desorption/ionization processes

B No sample preparation B Characterization of the PU: Hard and soft segments
B Less complicated mass spectra (polyether and polyester)
B Good sensitivity for additives detection [ Identification of additives
B Detection of soft segment of polyether PU [ Fragment ions:
only == 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:
= ITemporal 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
CEA | SMAP 2015 | PAGE 15
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