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Analy sis of Poly mer Ad ditives by Matrix-Assisted Laser Desorption
lonization/Time of Flight Mass Spectrometer Using Delayed Ex tractionand
Collision InducedDissociation
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Y et Ran Chen ( f#i# 4% ) and Guor Rong Her* ( {r[ B&4%)
Department of Chemistry, National Tai wanUni ver sity, Tai pei, Tai wan,R.O.C.

Matrix-assistedlaser desorption/ionization(MALDI) incombi nationwithmassspectrometry proved to
beavi ablemethodforidenti fy ingaddi tivesinpoly ethyl eneex tracts. The MALDI massspectraof addi tives
standardswerefoundtobevery simpleconsisting of [M+H]*and/or [M+Na]* pseudomolecularionswithlit
tlefragmentions. For real sam ples, which of ten contain morethan onead di tive, the production of only one or
twoionsfor each ad di tivemakesthetentativeassignment mucheasier. Col li sioninduceddissociation(CID)
of thepseudomolecularionisusedtoconfirmthetentativeassign ment. Theanal y sisof highmolecular weight
ad di tives, such as Chimassorb 944 and Tinuvin 622 in di cated that MALDI was su perior to otherionization
tech niquessuch aselectrospray ionization (ESI), desorption chemi cal ionization (DCI) and f ast atom bom-
bardment (FAB)intheanal y sisof highmolecularweight poly mer ad di tives. Sampleprepaationwasfoundto
bemorecriti cal than DCl intheanal y sisof real sam ple. Thesig nalswereinter fered by thelow mol ecule
weight poly ethyl enemol ecul es, whichwereco-extracted withthead di tives. Thisproblemwas par tially over-
comeby usingacetoneinstead of methanol toprecipi tatethelow molecular weight pol yethyl enemol ecul es.

INTRODUCTION

Therangeof ap pli cationsof poly mericmateri alsisex-
tending at anamaz ing rateand thenum ber of ad di tivesavail-
abletomodify poly mer proper tiesisincreasing pro por tion
ately. Theseadditivesincludeanti oxi dants, UV stabilizers,
Lu bri cantsetc. Thefail uresof prod uctscan of ten beat trib-
utedtotheleaching of ad di tivesfrom poly mer, thechemi cal
transfor mationof cer tainaddi tivesandtheomissionof essen
tial addi tivesduringthemanufacturingprocessing. More
over, somead di tivesareknown aspotential health haz ards.*
Therefore, reli ableandrapidanalyti cal methodsareof ten
needed for theidenti fi cation of unknown ad di tivesin poly-
mersand/or moni tor ingthestabil ity of ad di tivesduring pro-
cessingor services.

Di rect spectroscopic meth odssuchasul travi ol et ab-
sorption,infrared, fluorescence, and X -ray fluorescencehave
beenreported.>® Themain disadvantageof thespectroscopic
techniquesisalack of speci ficity. A moredesir ableap proach
requires extraction of the additives following by off- or
on-linechromatographi cseparationandspectroscopicidenti-
fication”'® Thesemethodsaregener ally timeconsuming.

Anal y sisof poly mer ad di tivesby massspectrometry

anditsrelated tech niques en hanced the capabil ity of com
pound identi fi cation. Movingtowardhigher molecularweight
addi tiveswithlessvol atil ity, conventional M Stechniques
suchaselectronionization(El), chemical ionization(Cl) and
GC-MSaregenerally not suit ablefor their anal y sis. Thus,
softionizationtech niquessuch asfield desorption, fast atom
bombardment (FAB),'**? desorption chemical ionization
(DCI),"**1aser desorption,”>? electrospray ionization (ESI)
andat mosphericpressurechemi cal ionization (APCI*>* all
havebeeninvesti gatedfor their util ity intheanal y sisof poly
mer ad di tivesei ther in poly mer ex tractsor di rectly from
poly mermatri ces.

Earlierstudiesfromourlaboratory sug gested that DCI
incombi nationwithlow and highenergy CID wascapableof
detectionpoly mer addi tivesinpoly ethyl enewithout prior
chromatographicseparation.**** While DCI is quite useful to
theanal y sisof avari ety of ad di tives, it doeshavelimited ca
pability intheanal y sisof highmolecularweight ad di tives.23
Sinceitsdevel op ment, matrix-assisted laser desorption/ion
ization (MALDI) hasbeen widely used asasoftionization
tech niquefor very largemol ecules. Fur ther more, MALDI is
knownto havelessmatrix ef fectin com par i sonwith FAB or
ESI. How ever, despiteitscapabil ity intheanal y sisof high
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mo lec ular weight com pounds, there have been very few re-
portsontheanal y sisof poly mer ad di tivesby MALDI.%*% |n
ad di tion, thesereportswerealsolimitedtoafew ad di tives.
Scrivenset al. reported theanal y sisof poly mer ad di tivesus
ing dithranol as matrix and add ing siliver trifluoroactate to
form siliver ad ducts.? The sig nalswerere ported to be not
very reproducible. Thesiliver adduct ap proach hasal so been
used by Kornfeld et al. in aposter pre sented at 1997ASM S
conference.”® A moreex tensivestudy including theuseof de-
layed ex trac tion, post source de cay (PSD) and CID in the
anal y sisof poly mer ad di tivesby MAL DI wasper formedin
thislaboratory. Themeritsandlimi tationsof theap proach
arereported.

EXPERIMENTAL

Chemicals

Addi tives stan dardswere kindly pro vided by Ciba-
Geigy (Tai wan). Oxi dized Naugard 524 wasprepared by ox i-
dation of Naugard 524 with hy dro gen per ox ide. Thestruc-
turesandtriv ial namesof thead di tivespresentedin thiswork
areshowninTable 1. Thepoly ethyl ene sam pleswere ob-
tained fromlocal sup pli ers. 1,8-Dihydroxy-9-anthracenone
(Dithranol) and 4-Hydroxy-3-methoxycinnamic acid (Ferulic
acid) were purchased from Sigma (St. Louis, MO). 2,5-
dihydroxybenzoic acid (2,5-DHB) was from Aldrich (St.
Louis, MO). Tetrahydrofuran (THF) was from Riedel-de

Table 1. Chemical Name and Trade Name
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Haen (Ger many). Analyti cal gradeacetone, methanol andte
lueneweresup pliedby Lab-scan (Dublin, Ireland).

Sample Preparation

Addi tivesand matrix weredissolvedintetrahydrofuran
(THF) tomake ca. 10mg/mL solutions. Thesamplesolution
and thematrix so lution were mixed 1:10 (v/v), and 1 uL of
themixingsolutionwasspot ted onthesam pleplateand dried
intheair.

Polymer Extract

A weighted Poly ethyl enesample(ca.1g) wasrefluxed
with 100 mL of to lu enein a250-mL round-bottomed flask
for 3h. Af ter cool ing, 20 mL of acetonewasaddedtoprecip+
tatelow molecular weight poly mer. Theex tract solutions
werefil tered and dried by purgingwith ni trogengas.

Mass Spectrometry

MALDI was per formed on a PerSeptive V oy ager DE-
RPtimeof flight (TOF) massspec trom eter (Framingham,
MA,USA). ThissystemisequippedwithaN 2 laser (337 nm).
For CID and PSD anal y sis, the pre cur sor ionswere selected
usingthetimedionselector at aresolution of about 50. For
CID ex peri ments, thecol li sioncell wasfilledwithair until
thepressureinthe sourcecham ber reached ap prox i mately
3.5 10° ~53 10° torr. A Finnigan LCQ ion trap mass spec-
trometer (Finnigan MAT; San Joes, CA, USA) equipped with
an electrospray ionization source was used for anal y sis of

No. Trade name MW Chemicd name

1 Iragnox 245 586 Tri(ehtyl glycol)bis-3-(3-t-buty-4-hydroxy-5-methylpheny)propi onate

2 Iragnox 259 638 1,6-Hexamethylene bis-(3,5-di-t-butyl-4-hydroxyhydroci nnamate)

3 Iragnox 1010 1176 Pentaerythritol tetrakis[ 3-(3,5-di-t-butyl-4-hydroxyphenyl)propionate]

4 Iragnox 1024 552 N,N-bis[1-ox0-3-(3,5-di-tert-butyl -4-hydroxyphenyl) propane] hydrazine

5 Iragnox 1076 530 Octyldecyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate

6 Iragnox 1098 636 N,N-hexamethyl ene bi 3,5-d -t-butyl -4-hydroxyhydrocinnamamide)

7 Iragnox 3114 783 Tris(3,5-di-t-butyl-4-hydroxybenzyl)isocyanurate

8 Naugard 524 646 Tris(2,4-dk-t-butyl phenyl)phosphite

9 Tinuvin P 225 2-(2-hydroxy-5- methyl phenyl)-2H-benzotri azol e
10 Tinuvin 144 684 2-t-Butyl-2-(4-hydrox y-3,5-di-t-butyl benzyl )[ bis(methy-2,2,6,6-tetramethy|-

4-piperidinyl)]dipropionate

11 Tinuvin 320 323 2-(2-Hydroxy-3,5-di-t-butylpheny)-2H-benzotri azol e
12 Tinuvin 326 315 2-(3-t-Butyl-2-hydrox y-5- methyl phenyl)-2H-5-chl orbenzotriazole
13 Tinuvin 328 351 2-(2-Hydroxy-3,5-di-t-amyl phenyl)-2H-benzotri azol e
14 Tinuvin 440 435 8-Acetyl-3-dodecyl-7,7,9,9-tetramethyl-1,3,8-triazagi ro(4,5)decane-2,4-dione
15 Tinuvin 770 480 Bi«2,2,6,6-tetramethyl-4-piperidi nyl )sebacate
16 Tinuvin 622 = 3000 Poly-(N-b-hydroxyethyl-2,2,6,6-tetramethyl -4-hydroxy-piperdiyl succinate)
17 Chimassorb 994 = 2500  Poly-{6-[1,1,3,3-tetramethyl butyl] -imino]-1,3,5-triaine-2,4-diyl } {2-(2,2,6,6,-

tetramethylpiperinyl)-i mino}
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highmolecular weight ad di tivesand thelow energy CID ex-
periments.

RESULTSANDDISCUSSION

MALDI mass spectra of polymer additives
INMALDI, sampleisembeddedinalowmolecular
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weight matrix that enhances sample ionization. Strong
absorbance at the wave length and good co-crystallization
withsamplearecriti cal forionizationef fi ciency. Therefore,

the suc cessof thistech niquelargely de pendson the choice of

thematrix. Dif fer ent matri ces, suchasdithranol, ferrulicacid
and 2,5-dihydroxybenzoic ac ids (2,5-DHB), have been used
intheanal y sisof vari oussynthetic poly mers.*? These ma-
tri ceswere stud ied and there sults showed that 2,5-DHB pro-
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Fig. 1. (a) TheMALDI massspectrum of Tinuvin 144. (b) The MALDI massspec trum of Irganox 245. (¢c) TheM ALDI mass

spec trum of Irganox 1098 (*: matrix ion).
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Fig. 2. The MALDI mass spec trum of

vided the most intense anal yte sig nal sand theleast abun dant
matrix ions. The pro duc tion of few matrix ionswould make
theidenti fi cationof ad di tiveseasier. Accordingly, 2,5-DHB
was used asthe matrix through out the study.
Continuousaswell asdelayedextractionswerestudied
fortheanal y sisof poly mer addi tives. Theresultsshowedthat

(a) Chimassorb 944 (b) Tinuvin 622.

therewaslessfrag mentationindelayed ex traction. Thisis
most likely due to the fact that the col li sionbetweenthe
analyteion and matrix mol eculesisreduced greatly be cause
of thedelay time. Intheanal y sisof mix tures, such astheanal
y sisof addi tivesinpoly mer ex tract, itiseasier toidentify the
ad di tivesif thereislessfrag ment ionsin the mass spec trum.
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Fig. 3. The CID mass spec trum of (a) [M+Na]" ion (b) [M+Li]" ion of Irganox 1024.
Therefore, delayed ex trac tion would make a better choice AdditiveslistedinTablelwereanalyzed by MALDI.

thancontinuousextraction. Another advantageof usingde-  Typical MALDI massspectraof poly mer ad di tivesareshown
layed ex tractionisthat theresolutionisalsohigherthanthat  inFig. 1. Themassspec traof Tinuvin UV stabi lizerswere
of continuousextraction. characterizedwith[M+H] " or [M+H]*/[M+Na]" ion with es-
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Fig. 4. (a) The PSD massspec trum of Tinuvin 770 with continu ousex traction. (b) The CID mass spec trum of Tinuvin 770

withdelayedextraction.

sentially nofragmentation(Fig. 1a). Irganox anti ox i dants
werechar acterizedwith[M “]/[M+Na] " (Fig. 1b) or [M+H]"/
[M+Na]"ions(Fig. 1c) dependingonthebasicity of themol e-
cules.

Toreducethelossduring processingandser vices, there
isanincreaseintheuseof highmolecular weight ad di tives.

Wehaveanalyzedsev eral highmolecularweight addi tives
by FAB, DCI, APCI, ESI and none of these tech niques was
capableof providinggoodqual ity massspectrum. Becauseof
itssuperbcapabil ity intheanal y sisof very largemol ecules,
MALDI isex pectedtoprovideabetter al ter nativetotheanal
y sisof thesead di tives. TheMAL DI massspectraof twohigh
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Table 2. The Product lons of Polymer Additives

Trade name

(Formula) Product ion
1 Irganox 245
CyHsgOg 530, 474, 368, 263, 198, 190, 177, 161
2 Irganox 259
CipoHeOs 582, 526, 470, 378, 322, 259, 219, 203
3 Irganox 1010
CrsH10801, 1120, 1064, 1009, 952, 899, 259, 219, 203
4 Irganox 1024
CyHs:N,O4 497, 441, 385, 293, 259, 232, 237, 219, 203
5 Irganox 1076
CxsHeO3 515, 475, 259, 232, 219, 203
6 Irganox 1098
CaoHesNoO4 581, 525, 469, 377, 321, 259, 219, 203, 163
7 Irganox 3114
CugHeoN3Og 565, 436, 354, 346, 260, 219, 203, 163
Oxidized
8 Naguard524 607, 551, 495, 459, 403
CuoHgz04P
9 Tinuvin P
CisH1INsO 120, 107, 92
10 Tinuvin 144
CpoH7N,Os 532, 219, 154, 138, 123, 72
11 Tinuvin 320
CxoHxsNsO 308, 268, 212, 57
12 Tinuvin 326
C.7H1gCIN3O 300, 260, 57
13 Tinuvin 328
CxHxN3O 336, 322, 282, 71
14 Tinuvin 440
CxsHasN3O3 418, 394, 377, 321, 110, 100, 58
Tinuvin 770
5 CxHsoN,O4 342, 212, 199, 140, 124, 58

mo lec ular weight ad di tives, Chimassorb 944 and Tinuvin

622, are shownin Fig. 2. In ad di tion to the ions (m/z = 599,

1198, 1797) relatedtotheintact mol ecules(repeat ing unit

mass=598 Da.), two major seriesof ionswerea so ob served.
Theions at m/z994, 1592, 2191, 2789, 3388, 3986, 4585,

5183 cor re sponds to the loss of one triazine group from the
oli gomers. Theionsatm/z 1454, 2052, 2650, 3249, 3848,

4446, and 5044 cor re spondsto thel oss of one piperidyl group
fromtheprevi ousseries. Tinuvin 622 stabi lizer showedthree
major seriesof ions(Fig. 2b). Theionsat m/z 316, 599, 882,

1165, 1448, 1731, 2014, 2297, 2580, 2863, 3146, 3429, and

3712correspondstotheintact oli gomerswithrepeating mass
of 283 amu. Theions at m/z 485, 768, 1051, 1334, 1617, and

1900 cor re spond to the loss of a diester end group from the
oli gomers. Theionsatm/z 713, 996, 1279, 1562, 1845 cor re-

spond to the loss of a piperidyl group fromthelin ear oli go-

mers.

Hsiao et al.

MS/MS of polymer additives

The pseudomolecular ionsin MALDI massspectrapro
videtentativeassignment of theaddi tivespresentinpoly mer
ex tracts. MS/MS of these pseudomolecular ions would pro-
videmuch higher confi denceinad di tiveassign ment. The
study of ad di tivesby MS/MSindi cated that, incom pari son
with [M+H]", itwasrather dif fi culttofrag ment[M+Na]" ion
(Fig. 3a). For many Irganox ad di tives, [M+Na]" isei ther the
only oneor themajor pseudomolecularion, thus, itisdif fi cult
toobtainauseful production spectrum. It hasrecently been
shownthat lithium adduct frag ments more ex ten sively than
sodiumadduct.® Therefore, lithium salt wasadded tothema
trix to pro motethe for mation of [M+Li] " ion. As ex pected,
many more fragments were observed in the CID of the
[M+Li]*ion (Fig. 3b).

Inour MALDI-TOF in stru ment, PSD and CID arethe
two meansto ac quire M S/M S spec tra. M etastable de com po
si tionduring theflight throughaMALDI-TOF instrumentis
referredto post-sourcedecay. Theresulting frag mentions
possessdif fer entki neticener giesandthereforecanbeana
lyzed by stepwisedecreasingthepotential of thereflector.
Al thoughin some ad di tives, such as Tinuvin 326, 328 and
440, the PSD spec trawere es sen tialy the same asthe CID
spectra; gener aly, CID produced morefrag mentionsthan
PSD asshowninFig. 4. Ac cord ingly, CID wasused in the
anal y sisof ad di tivesinpoly mer extract.

Intheincreasing of inter nal energy withCID, theaccet
er ationvolt ageof themassspectrometer playsanim por tant
role be cause the max i mum en ergy, which can be con verted
intointer nal energy, ispro por tional tothetranslational en
ergy of theprecur sorion. Theprod uctionspectra, obtained
fromthreedif fer entinstruments, of ananti ox i dant-1rganox
259 are shown in Fig. 5. As can be seen, many more prod uct
ionswere detected in high-energy in stru ments (Fig. 5b, 5¢)
thaninthelow en ergy instrument (Fig. 5a). The CID spectra
obtained from MALDI-TOF (for ex am ple, Fig. 5b) aresimi-
lar but not quitethe sameasthe spectraob tained fromasector
instrument (forexample, Fig. 5¢). Onepossi blereasonisthat
theac cel er ationvolt ageof the TOF instrument (20kV) is
higher than that of the sec tor in stru ment (10 kV). An other
possi bleex planationisthedif fer enceinthefragmentation
pat tern of [M+Li]* and [M+H] " ions. The major frag ment
ionsof vari ousUV-stabilizersand anti ox i dantsarelistedin
Table2.

The analysis of additives in polyethylene

Thead di tivesin polyethyleneswere ex tracted with the
proceduresusedinear lier DCl anal y sis* and an alyzed di
rectly by MALDI. TheMALDI mass spec trum of onesample
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Fig. 6. MALDI massspectrum of apoly ethyl eneex tract.

ex tractisshownin Fig. 6. Ex cept the m/z 609 ion, the major
ions at m/z=338/360, 530/553, 663/685, and 1199 areten ta-
tively as signed as [M+H]*/[M+Na]" of Erucamide, [M]*/
[M+Na]* of Irganox 1076, [M+H]"/[M+Na]" of oxi dized
Naugard 524 and [M+Na]" of Irganox 1010 re spec tively. In
compari sonwiththeanal y sisof ad di tivestandards, thespec-
trum of the ex tract was not very repro ducibleand only afew
spotscould pro ducethe spectrum. Onepossi blecauseisthat
thelow molecular weight poly ethyl enemol eculesarenot
precipitated completely when the low molecular weight
polyethylenes in tolueneareprecipi tatedwithmethanol.
Crystal li zationisbelievedtobecriti cal for thequal ity of the
MALDI spectrum andtheex istenceof many low molecular

weight polyethylenesintheex tract may inter ferethepro cess
of crystal li zation. Thisproblemwaspar tially over comewith
the use of acetoneinstead of methanol toprecipitatethe
polyethylenes. The sig nalswerefound to be morere pro duc-
ibleif acetonewasusedintheprecipi tationof lowmolecular
weight polyethylenes.

Toimprovetheconfi denceof com pound assign ment,
the pseudomol ecular ions of the ex tract were sub jected to
CID anal y sis. Based on the CID spec tra, the m/z = 663, 685
ionswas as signed asthe [M+H]*/[M+Na]*ion of oxi dized
Naguard 524. Theion at m/z= 338, 360 was con firmed asthe
am idewax Erucamide. (Fig. 7) The sig nals at 530/553 and
1199 were too weak to pro duce a use ful prod uct ion spec
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trum.

CONCLUSION

fi cation of poly mer ad di tivesinpoly ethyl ene. Withthein
strument operated under delayed extraction and using
2,5-dihydroxybenzoic acid (2,5-DHB) as the matrix, in gen
eral, only pseudomolecular ionswere ob served. Be cause of
theob ser vationof only pseudomolecular ions, tentativeas

MALDI wasfoundtobeauseful methodfor theidenti-  signment canbeeasily madeintheanal y sisof ad di tivesin



Anal y sisof Poly mer Addi tivesby MALDI-TOF

poly mer ex tract. Toconfirmthetentativeassignment, CID
providesmoreinfor mationthan PSD. While MALDI was
found to be su perior to other ionization tech niquesinthe
anal y sisof highmolecularweightaddi tives, sasmpleprepara
tioninMALDI wasmorecriti cal intheana y sisof real sam-
ples. Currently, wearelook ing for meth odsto sep aratethe
lowmolecularweight poly ethyl enemol eculesbeforethe
MALDIanaysis.
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