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Nylon is Used in Numerous Applications
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http://www.highsnobiety.com/news/2009/04/24/nike-sportswear-x-nylon-magazine-dunk-hi-pack-a-detailed-look/nike-sportswear-nylon-dunk-hi-pack-5/

Sample Preparation
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Polymer synthesis:
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unlabeled nylon 6.6 (99% pure)
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N-15 labeled nylon 6.6 (51.4% enriched)
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- unlabeled and isotopically labeled polymer and monomers
- vacuum bake purification

Accelerated aging:
1 to 243 days
138 °C
5 cc SS vessels
0, or 80, atmosphere
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Detection and Analysis

Headspace gas analysis:

Identify degradation products:
- 10 cc gas injection

- 18 volatiles identified with cryo-GC/MS!!
- cryofocusing gas chromatography

MS (cryo-GC/MS)
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Locate isotopically labeled atoms:
- Monitor mass spectra for shifts and
compare to ion fragmentation pathway
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elucidate degradation .
. [2,3] sensors to monitor
mechanisms'? ! .
material degradation

. ] ] [1] Smith, J.N., et al. JASMS, in press (2012) [2] White ll, G.V., et al. Polym. Degrad. Stab., in press (2012) [3] Whitell, G.V., et al.
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Tensile Strength Relates to Selected Aging Conditions
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18 Low-Molecular Weight Volatiles Detected

= 18 thermal-oxidative degradation species were identified
= C-13, N-15, and O-18 labels were located within each structure
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Products have Reproducible Retention Times
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Isotopic Labeling does not Affect Mechanisms

. . C-13 Labeled Nylon Aged under Ambient Room Air
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C-13 labeled adipic acid (99% enriched)
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2-Pentanone

(a) NIST library match o d) & 0
— | + N
100 1 9 )J\/\ HK/\ ,/!'
80 ] C5H100+. C2H30+
oo m/z 43
2 =" ]
2 40 |
£ 86
2041 27 58 71 ‘ OI
] Ly Ll 1l I P
R I~ S Y AR —_— +M +  'CHj
m/z +
C4H;0
(b) unlabeled 0
100 - 43 )J\/\ l _co
80 -
2 | +
G 60 1 1)-CHy ¢ cH, F
-g 40 i 2_C—O> C3H7 —_— C2H3+
= 86 )
204 o7 58 71 /z 43 m/z 27
] Ly 1y | |
R N S R~ AR S AR
m/z H\é’
(c) C-13 labeled 0 . . + X
13C 1
44
100 - 43 NN C,HgO
80 j\/\
-‘E‘so 1 Hy'C Hoo. Ho +
é 40 | 87 |O |O + "CHj
- 20 1 59 1 E— M /
1 27 58 86| % |
0 It gll (- L C4H;0"
71

C-13 labeled nylon 6.6 (99% enriched)
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" One C-13 atom
= m/z86 2> m/z87

= C-1,C-2,0rC-3
= +1 Da: m/z 58 (C;H,0"*)
= +1Da: m/z 71 (C,H,0")
= Two structures

= NotC-3
= +1 Da: m/z 43 (C,H,;0")
= +0 Da: m/z 43 (C3H,")
= +0 Da: m/z 27 (C,H;")

= Mixture of C-1 and C-2
= m/z43:44 is about 1:1

= 1,6-hexanediamine
origins, which does not
contain oxygen atoms
= Unlabeled present
= 2-hexanone is analogous
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C-13 labeled nylon 6.6 (99% enriched)
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Factor Analysis

= Data exploration & reduction using principal component analysis.

AR\ | , —
What is this?... ...acircle?... ...a mirror?... ...the bean!
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Factor Analysis

= Data exploration & reduction using principal component analysis.

= Factor analysis to decompose the data into n factors.

PC Scores on Full Data Set
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|| 9PC1

PC2

Score
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Factor Analysis

= Data exploration & reduction using principal component analysis.
= Factor analysis to decompose the data into n factors.
= Factor analysis options:

= Multivariate Curve Resolution (MCR) = Resolve compounds at single age
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Data

17

@ Sandia National Laboratories




Factor Analysis

= Data exploration & reduction using principal component analysis.

= Factor analysis to decompose the data into n factors.
= Factor analysis options:

= Multivariate Curve Resolution (MCR) = Resolve compounds at single age
= Parallel Factor Analysis (PARAFAC2) = Changes in compounds with time
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Different Polymers

— H3C_
. .
= Poly (ethylene-co-vinyl acetate) (EVA) 0=C
. . . . H H O
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Different Polymers

H5C
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Different Polymers

x 104 Unlabeled Nylon in Ambient Air: Raw GC
I 6 [ I [
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= Nylon .
= Bridal veils, screws, vehicle tires, toothbrush, musical H
strings, fabrics...and many other commercial items S
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Different Polymers

x 104 Unlabeled Nylon in Ambient Air: Raw GC
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Different Polymers

Raw GC Comparison
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Labeled vs. Unlabeled: GC

x 10° Unlabeled Nylon in Ambient Air
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Labeled vs. Unlabeled: GC

X 104 Unlabeled Nylon in Ambient Air: Raw GC
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Labeled vs. Unlabeled: MS
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Labeled vs. Unlabeled: MS
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Labeled vs. Unlabeled: MCR Factors
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Conclusion

= MCR is excellent data exploration tool.
= Can find mass spectrum for every significant retention time.
= Can resolve minor differences in mass spectra due to isotopic labels.

= Reduce analysis time from days or weeks to possibly a single
day.
= Eliminates sifting through data to find mass spectra.
= Save significant amounts of time & money.

= Multi-experiment analysis of aging data can be quickly
understood using PARAFAC2.

29
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Conclusions

* Cryo-GC/MS and isotopic labeling were used to identify eighteen
compounds that collected in the headspace over aged samples (up
to 243 total days at 138 °C) of nylon 6.6 and its monomers

= Exact locations of isotopically labeled atom(s) were determined by
comparing mass spectra to predicted ion fragmentation pathways

= Aging under an O-18 enriched environment aids in understanding
the origin of oxygen in degradation products

= Relative ratios for unlabeled to isotopically labeled degradation
products provided additional compound formation information
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Future Directions

= Nylon 6.6 degradation mechanisms " Further development of embedded
= Talk following this presentation 1630 Rm.A  chemical sensors
= Presenter: Dr. Robert Bernstein
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