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Abstract Direct analysis in real time mass spectrometry
(DART-MS) was used to characterize commercial polyure-
thane (PUR) samples without sample pretreatment. More than
50 substances, such as catalysts, stabilizers, antioxidants,
flame retardants, plasticizers, chain extenders, chain termina-
tors, polyols, solvents, degradation products and contami-
nants, a few of them presumably toxic, were detected and
identified in 18 PUR items. The identification of 16 com-
pounds was further confirmed by DART MS/MS experi-
ments. Catalysts were the largest class of compounds detected
in the PURs by DART-MS. In each of the 18 PUR samples, at
least one catalyst residue was identified. In addition, DART-
MS was able to detect the migration of hazardous chemicals
from the PURs to other objects. The collision-induced disso-
ciation (CID) properties of two PUR catalysts, such as the
protonated bis[2-(dimethylamino)ethyl] ether (DMAEE) and
the protonated 2,2-dimorpholinodiethylether (DMDEE), as
well as those of two PUR antioxidants (Antioxidant 1135
and Antioxidant 1076), were explored.
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Introduction

Polyurethanes (PURs) represent one of the most important
and versatile groups of plastics. Polyurethanes can be used
as flexible and rigid foams, elastomers, fiber composite ma-
terials, paints and coatings, adhesives [1]. Industrial PURs
are produced by the reaction of di- or polyisocyanates with
polyols in the presence of a catalyst and other additives.
Additives, such as chain extenders, surfactants, blowing
agents, flame retardants, antioxidants, light stabilizers, plas-
ticizers, etc. affect the final physical and chemical proper-
ties of the polyurethanes. In addition, compounds that are
not intended to be present in the final product can also be
found in the plastic materials. Among these residues are
solvents, catalysts, degradation products, contaminants,
and so forth. The analysis of additives and other chemicals
is obviously very important for quality control during the
production process or for the characterization of the prod-
ucts. Furthermore, because of the potential toxicity of some
chemicals present in the plastics (e.g. phthalate plasticizers,
halogenated flame retardants) the analysis of additives in
polymers has gained increasing interest in recent years
[2–5]. Solvent extraction and liquid chromatography-mass
spectrometry (LC-MS) or gas chromatography-mass spec-
trometry (GC-MS) are conventionally used for the analysis
of polymer additives in the final products [2, 3, 6]. However,
all these techniques are quite time-consuming and labor-
intensive. In contrast, the ambient mass spectrometric tech-
niques, e.g. direct analysis in real time mass spectrometry
(DART-MS), enable the analysis of solid samples in the
open environment without sample preparation [7], and can
serve as alternative or complementary methods for the anal-
ysis of chemicals in plastics. Moreover, direct sampling
techniques can also provide spatial information on the ana-
lyte distribution in 2- or 3-dimensions. Only a few papers
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have reported the application of DART-MS for the analysis
of polymers [5, 8–13]. Lebeau and Ferry have characterized
model and commercial PURs using atmospheric solid anal-
ysis probemass spectrometry (ASAP-MS) [14], however, to
the best of our knowledge, there have been no studies on the
detection of additives and other compounds in PURs by
DART-MS. Accordingly, the main objective of our work
was the mass spectrometric analysis of a wide variety of
chemicals, a few of them potentially toxic, in commercial
PURs by DART ionization tandem mass spectrometry (MS/
MS). In this paper, using DART-MS as a novel technique for
direct analysis of commercial PURs, we showed that the
rapid screening of additives and other chemicals in PURs
is possible without any preliminary sample preparation.

Experimental

Polyurethane samples

18 commercially available PUR items with a variety of types
and countries of origin were analyzed. The samples were new,
purchased in local stores. Further details are listed in Table 1.

Quadrupole time-of-flight mass spectrometry

Measurements were performed with a MicroTOF-Q type
Qq-TOF MS instrument from Bruker (Bruker Daltoniks,
Bremen, Germany). For MS/MS experiments, nitrogen

was used as the collision gas and the collision energies were
varied between 8 and 35 eV (in the laboratory frame). The
pressure in the collision cell was ~1.2 × 10−2 mbar. The
precursor ions for MS/MS were selected with an isolation
width of 4 m/z unit. All of the spectra were recorded by a
digitizer at a sampling rate of 2 GHz and were evaluated by
the DataAnalysis 3.4 software from Bruker. As it is pub-
lished in our previous paper [15].

Ion-source for direct analysis in real time (DART)

ADART SVP source was purchased from IonSense (IonSense,
Inc., Saugus,MA,USA). TheDARTsystemwas operated in the
positive mode at 350 °C with helium 5.0 (purity >99.999%).
The solid samples were manually introduced into the DART gas
stream, into themiddle of the gap (lgap = 2.5 cm) between the ion
source and the spectrometer inlet. As it is published in our pre-
vious paper [15].

To assess the reproducibility of measurements and the het-
erogeneity of the samples 10 mass spectra were recorded from
different spots (inside and outside too) of sample 3. The rela-
tive standard deviation of the absolute intensities of the two
most intense peaks atm/z 113 and 161 (see Fig. 1c) were 37%
and 58%, respectively.

Table 1 Types and origins of the PURs studied in this paper (EU stand for the European Union). List of the identified compounds by samples

Sample No. Type, color Country Identified compounds (Numbers from Table 2)

1 Sponge, yellow EU 2, 3, 5, 6, 12, 13, 18, 27, 30, 32, 33, 35, 40, 46, 48, 49, 50, 51, 53, 55

2 Slippers, blue China 2, 24, 29, 36, 38, 39, 41, 42, 47, 49, 54

3 Sponge, yellow EU 12, 15, 18, 30, 35, 40, 46, 50, 51

4 Foam toy ball, white China 12, 57

5 Foam filler, yellow EU 9, 13, 37, 45, 57

6 Shoe sole, yellow Vietnam 9, 11, 26, 56

7 Ironing board cover, yellow China 5, 9, 13, 16, 18, 30, 39, 56, 57

8 Sponge, yellow EU 3, 5, 12, 14, 34, 37, 52

9 Pillow memory foam, white China 3, 10, 12, 21, 45, 51, 57

10 Sponge, yellow Hungary 3, 12, 14, 34, 37, 52

11 Foam mattress, yellow Hungary 2, 3, 4, 6, 8, 12, 17, 18, 22, 25, 34, 39, 43, 45, 49, 57

12 Foam mattress, yellow Hungary 8, 12, 18, 30, 34, 39, 43, 45

13 Foam insulator, yellow Hungary 3, 6, 8, 12, 22, 45

14 Foam filler, yellow Hungary 2, 3, 4, 20, 28, 31, 37, 45

15 Shoe sole, yellow Hungary 2, 3, 7, 12, 22, 23, 25, 39, 44, 45

16 Sponge, yellow Hungary 2, 3, 5, 12, 19, 22, 23, 25, 45, 56, 57

17 Tube, green Hungary 3, 12, 23, 25, 28, 39, 58

18 Sponge, yellow EU 1, 3, 12, 14, 18, 23, 30, 34, 35, 40, 46, 50, 51, 56, 57,

�Fig. 1 DART-MS spectrum of sample 1 (a), sample 2 (b), sample 3 (c),
sample 7 (d), sample 8 (e), sample 9 (f), sample 11 (g), sample 15 (h),
sample 18 (i) (subtracting the background spectrum of the DARTsource)
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Gas chromatography-mass spectrometry (GC-MS)
analysis

Sample preparation 1 g of PUR sample was extracted for
12 h by soxhlet extraction using methanol as the extraction
solvent, and subsequently filtered.

GC–MS analysis was performed on a Shimadzu GCMS-
QP2010 Plus instrument (Shimadzu Corporation, Kyoto,
Japan) equipped with a capillary column (Rxi-5MS,
30 m × 0.25 mm i.d., 0.25 μm film thickness). GC conditions:
the flow rate for the helium carrier gas was 1.0 mL/min; in-
jector temperature, 280 °C. 1 μl sample was injected in

Fig. 1 (continued)
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spitless mode. The temperature programme was 50 °C for
5 min, then 50–250 °C at a rate of 10 °C/min and subsequently
held isothermal for 25 min. MS conditions: ionization energy
70 eV; ion source temperature 250 °C; scan mass range 25–
600 m/z; solvent delay time 5 min. Mass spectral database:
NIST05 (National Institute of Standards and Technology).

Results and discussion

Representative DART-MS spectra of the PUR items are
shown in Fig. 1a-i, and additional spectra are given in
Electronic Supplementary Material (ESM) Fig. S1a–i. The
DART-MS mass spectra are rich in peaks indicating the pres-
ence of a number of additives and other chemicals in the PUR
items, and that they can be effectively detected by DART-MS.
All mass peaks labeled with the corresponding m/z values in
Fig. 1 and ESM Fig. S1 were identified. The identification of
the compounds was based on the exact masses derived from
the molecular formulas obtained by theMolWeightToFormula
utility of the DataAnalysis software from Bruker. The identi-
fied chemicals are compiled in Table 2. (The compounds by
samples are summarized in Table 1.) The limit of detection
(LOD) values in our DART-MS technique were estimated to
be 450 ng/cm2, 1340 ng/cm2, and 1.6 ng/cm2 for aniline,
diethanolamine, and dinonyl phthalate, respectively, as is pub-
lished and detailed in our previous paper [15].

In the case of mass peaks with high or moderate intensities
DART ionization tandem mass spectrometry experiments
(DART-MS/MS) could also be performed. The proposed iden-
tification of several chemicals was confirmed by combining
the MS/MS spectra with findings from the literature and data-
bases of spectra of standard compounds, as it will be detailed
later. The MS/MS spectra are shown in Fig. 2 (and in ESM
Fig. S2), and the compounds subjected to tandem mass spec-
trometric experiments and their characteristic product ions are
presented in Table 3.

Additionally, the identification of the found compounds was
confirmed by gas chromatography mass spectrometry (GC-
MS) also. Four PUR sponge items (sample 3, 8, 10, and 18)
were extracted and analyzed. The identification of the most
remarkable compounds (e.g. 1,4-diazabicyclo[2.2.2]octane
(DABCO), Bis(2-dimethylaminoethyl)ether (DMAEE),
1,4,7-trioxacyclotridecane-8,13-dione), altogether 9 com-
pounds was confirmed using the NIST Mass Spectral
Database. The results are presented in detail in ESM
Table S1 and Fig. S3.

Catalysts

As seen in Table 2, catalysts are the largest class of com-
pounds detected in the PURs by DART-MS based on the
detection frequency. Basically, they are not intended to be

present in the final product, and their rapid detection can be
important, as will be detailed later. At least one catalyst resi-
due was detected in each of the 18 PUR samples. For example,
the peak at m/z 113.106 (see Fig. 1c) belongs to the elemental
composition [C6H12N2 + H]+ with a theoretical m/z 113.107.
As seen in Table 2, this compound was most frequently de-
tected, it was found in 13 PUR samples. Interestingly, this was
the only compound which was detected in all of the four
yellow sponges from EU (sample 1, 3, 8, 18). The proposed
structure for the chemical composition C6H12N2 is DABCO
(1,4-diazabicyclo[2.2.2]octane or triethylenediamine), be-
cause it is one of the traditional base-catalysts for formation
of polyurethanes [16]. To confirm the identification of
C6H12N2 as DABCO, DART-MS/MS measurement was also
performed by selecting the ion at m/z 113 as the precursor ion
(see Fig. 2a and Table 3). Themost abundant product ion atm/z
84 matches the characteristic ion formed from the protonated
DABCO under electrospray ionization (ESI) MS/MS condi-
tions [17]. Besides DABCO a number of other tertiary amine
catalysts were found, such as dimethylethanolamine, N,N′-
d i m e t h y l p i p e r a z i n e , N - e t h y l m o r p h o l i n e ,
methyldiethanolamine, N,N-dimethylbenzylamine, bis(2-
dimethylaminoethyl)ether, dimethyldodecylamine, and 2,2-
dimorpholinodiethylether. The undesirable degradation process
in PURs may be initiated (among others) by catalyst residues,
especially tertiary amines [18, 19]. Therefore the quick detec-
tion of the catalyst residues in the PUR products by DART-MS
can have a great importance for quality control during the pro-
duction process. On the other hand, most of the amine catalysts
severely irritate the skin, eyes, and mucous membranes
[20–24]. Moreover, bis(2-dimethylaminoethyl)ether
(DMAEE) and dimethyldodecylamine (DMDA) are suspected
to be toxic [23, 24]. The high intensity of the protonated
DMAEE peak (m/z 161, see Fig. 1c) enabled us to perform
tandem MS experiments. To our best knowledge no report on
the collision-induced dissociation (CID) properties and frag-
mentation pathways of DMAEE has been published. As seen
in Fig. 2c and Table 3, two product ions were formed at m/z 72
and 116. The proposed fragment structures for the protonated
DMAEE are depicted in Scheme 1. The formation of these
product ions confirms our identification for the m/z 161 peak
as DMAEE.

The identification of DMDA was also confirmed by MS/
MS experiments (see Fig. S2c). The characteristic fragment at
m/z 46 formed by the loss of dodecene is in agreement with the
main product ion found by Tsukatani and Tobiishi [24].

T h e m a s s p e a k o f t h e p r o t o n a t e d 2 , 2 -
dimorpholinodiethylether (DMDEE), a polyurethane blowing
catalyst, at m/z 245 dominates the DART-MS spectra of the
rigid PUR foam samples 5 and 14, as seen in the ESM in Fig.
S1b and S1g, respectively. The MS/MS experiment of the
protonated DMDEE reveals the formation of two well-
defined product ions, as seen in Fig. S2d in the ESM. The
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Table 2 Identification of the compounds based on the accurate DART-MS measurements. (NIAS stands for non-intentionally added substances)

No. Compound name Class Elemental
sssscomposition

Measured*
(Theoretical) m/z

Repr.
figure

No. of
samples

1 Imidazole catalyst [C3H4N2 + H]+ 69.043 (69.045) 1.i 1

2 Diethylamine chain terminator [C4H11N + H]+ 74.095 (74.096) 1.g 6

3 Pyridine NIAS, solvent [C5H5N + H]+ 80.048 (80.049) 1.g 11

4 Dimethylacetamide NIAS, solvent [C4H8NO + H]+ 88.074 (88.076) 1.g 2

5 1,4-Dioxane NIAS, reaction medium [C4H8O2 + H]+ 89.060 (89.060) S1.h 4

6 Dimethylethanolamine catalyst, curing agent [C4H11NO + H]+ 90.089 (90.091) 1.g 3

7 Aniline NIAS, precursor [C6H7N + H]+ 94.066 (94.065) 1.h 2

8 Diethanolamine chain extender [C4H11NO2 + H]+ 106.086 (106.086) 1.g 3

9 Diethylene glycol chain extender [C4H10O3 + H]+ 107.065 (107.070) 1.d 3

10 o-Toluidine NIAS, degradation product [C7H9N + H]+ 108.080 (108.081) 1.f 2

11 Sorbic acid catalyst [C6H8O2 + H]+ 113.058 (113.060) S1.c 1

12 1,4-diazabicyclo[2.2.2]octane
(DABCO)

catalyst [C6H12N2 + H]+ 113.106 (113.107) 1.c 13

13 Caprolactam blocking agent [C6H11NO + H]+ 114.090 (114.091) 1.a 3

14 N,N′-Dimethylpiperazine catalyst [C6H14N2 + H]+ 115.126 (115.123) S1.d 3

15 N-Ethylmorpholine catalyst [C6H13NO + H]+ 116.105 (116.107) 1.c 1

16 Benzotriazole light stabilizer [C6H5N3 + H]+ 120.057 (120.056) 1.d 1

17 Methyldiethanolamine catalyst [C5H13NO2 + H]+ 120.102 (120.102) 1.g 1

18 Diaminotoluene NIAS, intermediate [C7H10N2 + H]+ 123.090 (123.092) 1.a 6

19 o-Anisidine NIAS, intermediate [C7H9NO + H]+ 124.074 (124.076) S1.h 1

20 Ethyl phosphate flame retardant [C2H7O4P + H]+ 127.015 (127.015) S1.g 1

21 Melamine flame retardant [C3H6N6 + H]+ 127.073 (127.073) 1.f 1

22 Dimethylcyclohexanamine catalyst [C8H17N + H]+ 128.143 (128.143) S1.f 4

23 Dibutylamine catalyst [C8H19N + H]+ 130.159 (130.159) 1.i 4

24 N,N-Dimethylbenzylamine catalyst [C9H13N + H]+ 136.110 (136.112) 1.b 2

25 Cyclohexanedimethanol chain extender [C8H16O2 + H]+ 145.122 (145.122) S1.i 4

26 Triethanolamine chain extender [C6H15NO3 + H]+ 150.110 (150.112) S1.c 1

27 Triethylene glycol chain extender [C6H14O4 + H]+ 151.093 (151.096) 1.a 1

28 Diethyl phosphate flame retardant [C4H11O4P + H]+ 155.046 (155.047) S1.g 2

29 2,2,6,6-Tetramethyl-4-piperidinol light stabilizer moiety [C9H19NO + H]+ 158.152 (158.155) 1.b 1

30 Bis(2-dimethylaminoethyl)ether
(DMAEE)

catalyst [C8H20N2O + H]+ 161.164 (161.165) 1.c 5

31 Triethyl phosphate flame retardant [C6H15O4P + H]+ 183.078 (183.078) S1.g 1

32 Tetraethylene glycol chain extender [C8H18O5 + H]+ 195.121 (195.123) 1.a 1

33 Dimethyldodecylamine (DMDA) catalyst [C14H31N + H]+ 214.251 (214.253) 1.a 1

34 1,4,7-trioxacyclotridecane-8,13-dione NIAS [C10H16O5 + H]+ 217.105 (217.107) 1.e 5

35 Alkylated diphenylamine †antioxidant [C16H19N + H]+ 226.156 (226.159) 1.a 3

36 Myristamide NIAS, contaminant [C14H29NO + H]+ 228.232 (228.232) 1.b 1

37 2,2-Dimorpholinodiethylether
(DMDEE)

catalyst [C12H24N2O3 + H]+ 245.187 (245.186) S1.g 4

38 Palmitamide NIAS, contaminant [C16H33NO + H]+ 256.262 (256.263) 1.b 1

39 Dibutyl phthalate (DBP) plasticizer [C16H22O4 + H]+ 279.157 (279.159) 1.d 7

40 Alkylated diphenylamine †antioxidant [C20H27N + H]+ 282.219 (282.222) 1.a 3

41 Oleamide NIAS, contaminant [C18H35NO + H]+ 282.277 (282.279) 1.b 1

42 Stearamide NIAS, contaminant [C18H37NO + H]+ 284.285 (284.295) 1.b 1

43 Tris (2-chloroethyl) phosphate
(TCEP)

flame retardant [C6H12Cl3O4P +
H]+

284.956 (284.961) 1.g 2

44 Benzyl butyl phthalate plasticizer [C19H20O4 + H]+ 313.143 (313.143) 1.h 1

45 flame retardant 327.006 (327.008) 1.f 8
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proposed product ion structures are shown in Scheme 2 with a
good agreement between the measured and calculated ion
masses (m/z 114.090, 158.118, 245.184 and m/z 114.091,
158.118, 245.186, respectively). We can recommend the use
of these product ions (m/z 114 and 158) for the detection or
quantification of DMDEE in positive ion and selective reac-
tion monitoring (SRM) MS/MS modes.

It must be noted, that some of the compounds identified as
catalysts are possibly degradation or by-products and not in-
tentionally added during the production.

Antioxidants, stabilizers

The second largest class of compounds detected in the PURs
by DART-MS was that of the light stabilizers and antioxidants
(11 substances, see Table 2). Octyl 3-(3,5-di-tert-butyl-4-

hydroxyphenyl)propionate, commercial name Antioxidant
1135 (other names: Irganox 1135, Primanox 1135 or BNX
1135) was detected in 4 samples. It is a hindered phenolic
antioxidant that is highly effective for the thermal stabilization
of plastics. As Fig. 1i shows, both the protonated and the am-
moniated adducts appear in the DART-MS spectrum at m/z
391.319 and 408.344, respectively, in good agreement with
the calculated masses (m/z 391.321 and 408.347, respectively).
TheMS/MS spectrum of them/z 408 ion (Fig. 2g) corresponds
to the proposed fragmentation of octyl 3-(3,5-di-tert-butyl-4-
hydroxyphenyl)propionate presented in Scheme 3. A similar
hindered phenolic antioxidant, octadecyl 3-(3,5-di-tert-butyl-
4-hydroxyphenyl)propionate, commercial name Antioxidant
1076 (other name: Irganox 1076) was recognized in one sam-
ple (sample 1, see Fig. 1a, [M + NH4]

+ at m/z 548). The MS/
MS spectra of this compound also show the C4H8 and C8H16

Table 2 (continued)

No. Compound name Class Elemental
sssscomposition

Measured*
(Theoretical) m/z

Repr.
figure

No. of
samples

Tris (1-chloro-2-propyl)
phosphate (TCPP)

[C9H18Cl3O4P +
H]+

46 Alkylated diphenylamine †antioxidant [C24H35N + H]+ 338.286 (338.284) 1.a 3

47 Tinuvin 770 moiety light stabilizer moiety [C20H37NO4 + H]+ 356.280 (356.280) 1.b 1

48 Bis(2-ethylhexyl) adipate plasticizer [C22H42O4 + H]+ 371.311 (371.316) 1.a 1

49 Bis(2-ethylhexyl) phthalate
(DEHP)

plasticizer [C24H38O4 + H]+ 391.285 (391.284) 1.b 4

50 Alkylated diphenylamine
(Dioctyldiphenylamine)

ßantioxidant [C28H43N + H]+ 394.343 (394.347) 1.a 3

51 £Octyl 3-(3,5-di-tert-butyl-4-
hydroxyphenyl)propionate

antioxidant [C25H42O3 + NH4]
+ 408.344 (408.347) 1.i 4

52 Dinonyl phthalate (DNP) plasticizer [C26H42O4 + H]+ 419.313 (419.316) 1.e 2

53 αHexadecyl 3,5-bis-tert-
butyl-4-hydroxybenzoate

light stabilizer [C31H54O3 + H]+ 475.415 (475.415) 1.a 1

54 ¥Bis(2,2,6,6-tetramethyl-4-
piperidyl)sebacate

light stabilizer [C28H52N2O4 + H]+ 481.395 (481.400) 1.b 1

55 §Octadecyl
3-(3,5-di-tert-butyl-4--
hydroxyphenyl)propionate

antioxidant [C35H62O3 + NH4]
+ 548.508 (548.504) 1.a 1

56 Polyethylene glycol (PEG) PUR soft segment ‡239.147 (239.149) S1.c 4

57 Various Polypropylene glycol
(PPG) series

PUR soft segment Ł309.223 (309.227) 1.d 8

58 Polytetrahydrofuran
(PTHF) series

PUR soft segment S1.i 1

*The accuracy of the mass measurement is ±0.003 (m/z)
† e.g. Irganox 5057
ß e.g. Irganox 5057 (other name: Vanox 1081)
‡ e.g. [H(C2H4O)5OH + H]+

Ł e.g. [H(C3H6O)5OH + H]+

£Antioxidant 1135
αUV-2908 (other name: Cyasorb 2908)
¥ Tinuvin 770
§ Irganox 1076 (other name: Antioxidant 1076)
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Fig. 2 DART-MS/MS spectrum of 1,4-diazabicyclo[2.2.2]octane
(DABCO) (a) [M + H]+ (protonated molecule) detected from sample 3
recorded at a laboratory frame collision energy of 35 eV, diaminotoluene
(b ) [M + H]+ de t ec t ed f rom sample 3 (20 eV) , b i s (2 -
dimethylaminoethyl)ether (c) [M + H]+ detected from sample 3
(20 eV), 1,4,7-trioxacyclotridecane-8,13-dione (d) [M + H]+ detected
from sample 8 (20 eV), dibutyl phthalate (e) [M + H]+ detected from

sample 2 (8 eV), tris (1-chloro-2-propyl) phosphate (TCPP) (f) [M +
H]+ detected from sample 9 (10 eV), octyl 3-(3,5-di-tert-butyl-4-
hydroxyphenyl)propionate (g) [M + NH4]

+ detected from sample 18
(10 eV), bis(2,2,6,6-tetramethyl-4-piperidyl)sebacate (Tinuvin 779) (h)
[M + H]+ detected from sample 2 (35 eV), octadecyl 3-(3,5-di-tert-bu-
tyl-4-hydroxyphenyl)propionate (Irganox 1076) (i) [M + NH4]

+ detected
from sample 1 (8 eV)
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loss (see Fig. 2i, m/z 475 and 419, respectively), similarly to
Antioxidant 1135 (see Scheme 3). Irganox 1076 is often used
combined with the light stabilizer hexadecyl 3,5-bis-tert-butyl-
4-hydroxybenzoate, commercial name Cyasorb 2908 (other
name: UV-2908). Indeed, Cyasorb 2908 was also detected in
sample 1 with low intensity (see Fig. 1a, at m/z 475).

Dioctyldiphenylamine and other alkylated diphenyl-
amines with various alkyl chains were also detected in 3
PUR samples at m/z 226, 282, 338 and 394 (see Fig. 1a).
They are commercially used antioxidants for polyurethanes
(commercial name e.g. Irganox 5057, other name: Vanox
1081) [25].

Fig. 2 (continued)
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Bis(2,2,6,6-tetramethyl-4-piperidyl)sebacate (commercial
name e.g. Tinuvin 770) belongs to one of the most important
classes of plastic photostabilizers, to the group of hindered
amine light stabilizers (HALS). Tinuvin 770 was identified in
one sample (Fig. 1b, m/z 481). The high intensity of the pro-
tonated Tinuvin 770 peak shows that DART-MS is capable of
the detection of Tinuvin 770 very effectively from the PUR
objects. It can be of great significance in the screening of
Tinuvin 770 in pharmaceutical systems and devices, as this
compound has a documented toxicological risk and it could
leach from the plastic into a pharmaceutical product that is then
administered to a patient in a clinical situation [26]. Moreover,
not only the intact bis(2,2,6,6-tetramethyl-4-piperidyl)sebacate
compound, but two additional Tinuvin 770 related substances
appeared in the DART-MS spectra atm/z 158 and 356 (see Fig.
1b), probably as impurities and decomposition products. The
DART-MS/MS spectrum of Tinuvin 770 shows (see. Fig. 2h),
that these two moieties were not produced by fragmentation
during the DART-MS experiment, but were present in the PUR
object probably as non intended substances. The product ions
of Tinuvin 770 at m/z 342, 140, 123 and 58 shown in Fig. 2h
agree with the characteristic ions of the literature spectrum
recorded on an LC-MS/MS system [26].

Benzotriazole UV stabilizers are one of the most important
families of light stabilizers, and their screening is important
due to environmental and health concerns [27]. Benzotriazole
was detected in sample 7 with remarkable intensity (see Fig.
1d, m/z 120), and confirmed by MS/MS. The characteristic
product ions at m/z 92 and 65 (see ESM Fig. S2b) agree with
those reported by Kannan et al. [27].

Flame retardants

As Table 2 shows, 6 flame retardant additives were detected
by DART-MS. Ethyl, diethyl and triethyl phosphate were rec-
ognized in a foam filler (expanding fixing foam used e.g. for
the installation of windows and doors; sample 14), as seen in
the ESM Fig. S1g at m/z 127, 155 and 183, respectively.
Melamine was identified with remarkable intensity in one
PUR object (see Fig. 1f, m/z 127), and tris (2-chloroethyl)
phosphate (TCEP) in two samples (see Fig. 1g, m/z 285).
However, tris (1-chloro-2-propyl) phosphate (TCPP) was
found in 8 samples, as seen e.g. in Fig. 1f with high abundance
at m/z 327 as [M + H]+ and m/z 344 as [M + NH4]

+. DART-
MS/MSmeasurement was also performed by selecting the ion
atm/z 327 as the precursor ion (see Fig. 2f). The product ions at
m/z 251, 175 and 99 agree with the characteristic ions detected
by atmospheric pressure photoionization (APPI)-quadrupole
time-of-flight mass spectrometry [28]. To protect children from
TCEP and TCPP, the European Commission set out specific
limit value for these hazardous chemicals for toys intended for
use by children under three years old or other toys intended to
be placed in the mouth [29]. Therefore the rapid screening of

TCEP and TCPP in the PUR products by DART-MS can have
a great importance in terms of consumer safety.

Plasticizers

Four different phthalic acid esters (phthalates) and one adipate
plasticizer were detected in the PUR samples by DART-MS.
The phthalate plasticizers are not bound covalently to the poly-
mer matrix, therefore, they are able to migrate into the environ-
ment (similar to the flame retardants). Due to the potential risks
of phthalates related to the health and the environment, regula-
tions of phthalic acid esters were issued by the European
Parliament and the Council of the European Union [30] and
by the US Congress [31]. As Table 2 shows, dibutyl phthalate
(DBP) (Fig. 1d, m/z 279), bis(2-ethylhexyl) phthalate (DEHP)
(Fig. 1b, m/z 391), dinonyl phthalate (DNP) (Fig. 1e, m/z 419),
benzyl butyl phthalate (Fig. 1h,m/z 313), and bis(2-ethylhexyl)
adipate (Fig. 1a, m/z 371) were detected in the PUR objects.
DBP and DEHP were recognized in 7 and 4 samples, respec-
tively. The collision induced dissociation of phthalic acid esters
in tandemmass spectrometric experiments is well described [5],
therefore our MS/MS measurement unambiguously identified
DBP, DEHP and DNP on the basis of the characteristic product
ions (see Table 3, Fig. 2e, ESM Fig. S2f, Fig. S2g,
respectively). For example, ESM Fig. S2f shows the character-
istic fragments of bis(2-ethylhexyl) phthalate at m/z 279, 261,
167, 149, and 113. A reliable indicator for the presence of
phthalates in the sample is the appearance of the most specific
product ion, the protonated phthalic anhydride atm/z 149which
is shown even in the DART MS spectra due to the low activa-
tion energy of dissociation of the phthalates (see e.g. in Fig. 1d).

Polyols, chain extenders, chain terminators

Polyurethanes are copolymers composed of alternating hard
and soft segments, and chain extenders. Common soft seg-
ments are polyols, for example polypropylene glycol (PPG)
or polytetrahydrofuran (PTHF) polyethers. PPG series with
various length and end groups were detected in 8 PUR sam-
ples (see, e.g. in Fig. 1d at m/z 309, 1f at m/z 741, or 1g atm/z
540). Polyethylene glycol (PEG) (see, e.g. in ESM Fig. S1c at
m/z 239) and PTHF segments (see, in ESM Fig. S1i at m/z
306) were detected in 4 and 1 PURs, respectively.

As seen in Table 2, DART-MS is capable of the detection of
various chain extenders, such as di- and triethanolamine, di-,
tri-, and tetraethylene glycol, and cyclohexanedimethanol.
Diethanolamine and cyclohexanedimethanol appeared with
rather high abundance in the spectrum of sample 11 (see Fig.
1g, m/z 106) and sample 17 (see ESM Fig. S1i, m/z 145),
respectively. Diethylamine, acting as chain terminator or cor-
rosion inhibitor in the PUR production was recognized with
low intensity in 6 samples (see Fig. 1g at m/z 74), and capro-
lactam, a PUR blocking agent [32], was identified in 3 objects.
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The identification of caprolactam was confirmed by DART-
MS/MS measurements (see ESM Fig. S2a and Table 3). The
product ions at m/z 96, 79, 69, and 55 agree well with those
present in the ESI quadrupole - Orbitrap MS/MS spectrum in
the mass spectral database [33], and ESI quadrupole - linear
ion trap MS/MS spectrum reported in the literature [34].

Non-intentionally added substances (NIAS)

Non-intentionally added substances are compounds that are
present in a product but have not been added for a technical
reason during the production process. NIAS can include deg-
radation products, side products, impurities of starting mate-
rials or contaminants from recycling processes. Because of

their health risk, primary aromatic amines (PAAs) stand out
among the NIAS associated with PUR products. PAAs can
be formed, for example by the reaction of residual isocyanates
with water [35]. Many PAAs coming from polyurethane adhe-
sives were found [36–38], which helped us in the identifica-
tion. We indentified four hazardous PAAs by DART-MS, such
as aniline (see Fig. 1h, m/z 94), o-toluidine (see Fig. 1f, m/z
108), diaminotoluene (see Fig. 1a, m/z 123), and o-anisidine
(see ESM Fig. S1h, m/z 124). These compounds or its deriva-
tives were also reported by Pezo et al. [36]. o-Toluidine has
been classified Group 1: carcinogenic to humans; 2,4-
diaminotoluene and o-anisidine have been classified Group
2B: possibly carcinogenic to humans by the International
Agency for Research on Cancer. The Environmental

Table 3 Confirmation of the identification of the compounds based on the DART-MS/MS spectra

No. Compound name Formula Precursor
Ion (m/z)

Product Ions (m/z) Figure

1 1,4-diazabicyclo[2.2.2]octane (DABCO) [C6H12N2 + H]+ 113.106 84.072, 70.059 2.a

2 Caprolactam [C6H11NO + H]+ 114.088 96.077, 79.050, 69.066 S2.a

3 Benzotriazole [C6H5N3 + H]+ 120.054 92.046, 65.032 S2.b

4 Diaminotoluene [C7H10N2 + H]+ 123.089 108.066, 106.062 2.b

5 Bis(2-dimethylaminoethyl)ether (DMAEE) [C8H20N2O + H]+ 161.164 116.105, 72.075 2.c

6 Dimethyldodecylamine (DMDA) [C14H31N + H]+ 214.248 46.064 S2.c

7 1,4,7-trioxacyclotridecane-8,13-dione [C10H16O5 + H]+ 217.102 173.078, 155.067, 111.043 2.d

8 2,2-Dimorpholinodiethylether (DMDEE) [C12H24N2O3 + H]+ 245.184 158.118, 114.090 S2.d

9 Palmitamide [C16H33NO + H]+ 256.260 116.106, 102.088, 88.072, 74.056 S2.e

10 Dibutyl phthalate (DBP) [C16H22O4 + H]+ 279.163 223.096, 205.085, 149.024 2.e

11 Tris (1-chloro-2-propyl) phosphate (TCCP) [C9H18Cl3O4P + H]+ 327.007 309.226, 250.997, 174.991, 98.983 2.f

12 Bis(2-ethylhexyl) phthalate (DEHP) [C24H38O4 + H]+ 391.279 279.158, 167.036, 149.023, 113.129 S2.f

13 *Octyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)
propanoate

[C25H42O3 + NH4]
+ 408.343 335.257, 279.193 2.g

14 Dinonyl phthalate (DNP) [C26H42O4 + H]+ 419.327 293.179, 275.166, 167.036, 149.027, 127.152 S2.g

15 † Bis(2,2,6,6-tetramethyl-4-piperidyl)sebacate [C28H52N2O4 + H]+ 481.394 342.261, 140.141, 123.114, 58.059 2.h

16 ß Octadecyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)
propionate

[C35H62O3 + NH4]
+ 548.508 475.421, 419.359 2.i

*Antioxidant 1135
†Tinuvin 770
ß Irganox 1076 (other name: Antioxidant 1076)

Scheme 1 Representation of the
collision-induced dissociation
(CID) fragmentation of the
protonated bis[2-
(dimethylamino)ethyl]ether
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Protection Agency (EPA) has classified aniline as a Group B2,
probable human carcinogen. Diaminotoluenewas detected in 6
PUR samples and the identification was confirmed byMS/MS.
The characteristic product ions atm/z 108 and 106 (see Fig. 2b)
agree the fragments reported by Mortensen et al. [39].

One of our key findings was the NIAS compound 1,4,7-
trioxacyclotridecane-8,13-dione, which was detected in 5
PUR samples by DART-MS. This compound was found as
volatile migrant by Felix et al. [37] from polyurethane

adhesives. Probably, it is originated from the reaction of one
adipate plasticizer or adipic acid with glycol [38]. As seen in
Fig. 1e, two peaks appear with high intensity at m/z 217 and
234, corresponding to the protonated and ammoniated 1,4,7-
trioxacyclotridecane-8,13-dione, respectively. Moreover, the
H+ and NH4

+ adducts of the dimer compound are also present
at m/z 433 and 450, respectively. The MS/MS experiment con-
firmed the identification, the product ions at m/z 173, 155, and
111 (see Fig. 2d) agree with those reported by Felix et al. [37]

Scheme 3 Proposed collision-
induced dissociation (CID)
fragmentation pathways for the
ammoniated octyl 3-(3,5-di-tert-
butyl-4-
hydroxyphenyl)propionate
(Antioxidant 1135)

Scheme 2 Representation of the
collision-induced dissociation
(CID) fragmentation of the
protonated 2,2-
dimorpholinodiethylether
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and Isella et al. [38]. 1,4,7-trioxacyclotridecane-8,13-dione has
high toxicity according to the Cramer rules (Cramer III) [38,
40], therefore its quick detection in the PUR products by
DART-MS may have a great importance.

Out of the NIAS compounds listed in Table 2, pyridine (see
Fig. 1g, m/z 80) and 1,4-dioxane (see ESM Fig. S1h, m/z 89)
should be stressed, because they were detected in 11 and 4
PUR samples, respectively. Interestingly, a mold-release agent,
stearamide was also recognized in the DART-MS spectrum of
the PUR slippers (sample 2), as seen in Fig. 1b at m/z 284.

Migration of bis[2-(dimethylamino)ethyl]ether (DMAEE)
from a PUR object

In further studies, we examined whether the hazardous
chemicals could migrate from the PURs to other objects. As
it was discussed previously, DMAEE, which is suspected to
be toxic, was detected in PUR sponges used for dishwashing
(see Fig. 1c, m/z 161). A porcelain plate was rubbed with the
sponge sample 3, which was used for the first time. Then, the
plate was introduced into the DARTsource. Seven independent
experiments were performed (5 with dry sponge and 2 using
water). Fig. 3 shows the DART-MS of the plate after subtracting
the spectrum of the clean plate as background. As seen in Fig. 3,
the protonated DMAEE appears at m/z 161.165 with consider-
able intensity (in line with the theoretical valuem/z 161.165). In
addition, the catalyst 1,4-diazabicyclo[2.2.2]octane (DABCO)
is also present in the mass spectrum at m/z 113.105 (theoretical
value: m/z 113.107). An additional spectrum is given as ESM
Fig. S4. DMAEE could be identified with certainty in 4 dry and
one wet experiment.

Conclusions

Our experiments show that DART-MS andDART-MS/MS can
be efficiently applied for the detection of a wide range of
chemicals, some of them hazardous, in polyurethane materials.

More than 50 compounds were recognized in eighteen com-
mercial PUR objects, and their identifications were confirmed
by additional MS/MS experiments. The detected compounds
revealed a great versatility in terms of catalyst residues, various
additives, polyols, non-intentionally added substances, etc.
The large number and diversity of the detected compounds
proves unambiguously the effectiveness of DART-MS for the
rapid identification of compounds in PURswithout any sample
preparation. We also demonstrated in this work that this meth-
od can be used for the quality control in the PUR industry, or
for the fast screening of restricted or banned chemicals in the
final product. Although it is difficult to obtain quantitative data
by DART-MS, after the fast screening by DART-MS, tradition-
al techniques (e.g. GC-MS, LC-MS) can be used for the quan-
titation of the found chemicals.
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