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Analytical Pyrolysis

Characterization of polymers by Py-GC/MS

A. Identification of polymeric materials

B. Structural characterization of polymers
(a) composition
(b) average MW/MW distribution
(c) monomer enchainments along polymer chains
(d) chain-end structures
(e) branching structures
(f) stereoregularity
(g) sequence distributions in copolymer chains
(h) degree of cure / cross-linking
(i) others

C. Mechanisms and kinetics of polymer degradation
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1. Brief instrumental and methodological aspects
of modern Py-GC/MS
2. Recent topics in characterization of polymeric materials
(A) Stereoregularity in vinyl-type polymers
(B) End Groups in PMMA and polystyrene

(C) Network structure in intractable crosslinking polymers
(using thermally-assisted chemolysis)
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Important factors affected the progress in polymer characterization by Py-GC/MS

A. Highly specific pyrolysis:
(a) Curie-point pyrolyzer
(b) Flash-filament pyrolyzer
(c) Vertical-furnace pyrolyzer

B. High-resolution capillary columns for GC:
(a) Glass capillary columns
(b) Fused-silica capillary columns
(c) Deactivated stainless steel capillary columns

C. Highly sensitive and/or selective detectors for GC:
(a) Universal detector for C-containing compounds(FID)
(b) Specific detectors: FPD(for S and P)
NPD (for N and P)
ECD (for halides), etc.
D. Specific peak identification methods on pyrograms:
(a) Py-GC/MS
(b) Py-GC/FTIR
(c) Py-GC/AED, etc.
E. Thermally assisted chemolysis:
(a) On-line hydrogenation
(b) On-line methylation
(c) Catalysis-assisted thermolysis, etc.
F. Computer-assisted data processing and chemometrics

Schematic diagrams of typical pyrolyzers
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Typical Py-GC/MS measuring system
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Stereoregularity of Vinyl Polymers
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Stereoregurality of PP is only reflecting on the diastereometric fragments
with more than two asymmetric carbons (Iarger than tetramers)
fragments chemical structure(s) enantiomers diastereomers
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Stereoregularity in PMMA
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Pyrograms of at-PMMA (isotactic rich) at 500°C
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Peak assignment of tetramers in pyrogram of PMMA
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Tetramer region in PMMA pyrograms
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Stereoregularity of PMMA

Diad tacticity of PMMAs

meso (%)
Sample R
Py-GC 'H-NMR
syn-PMMA 7.4 5.6

at-PMMA (syndiotactic rich)24 1 24.0
at-PMMA (isotactic rich) g182 g2.38

iso-PMMA 97.3  97.2

ac.v.for8runs 2.0%
[Macromolecules, 30, 4891(1997) ]

Relationship between tacticity
and polymerization temperature
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Polymerization catalysts and
resulting stereoregularities of polypropylenes

Zigler-Natta cat.
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Simplification of Observed Pyrograms through in-line Hydrogenation
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Pyrolysis-in-line Hydrogenation GC System
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(50 mi/min) ™ — |/l i|l
Sample\'._
Pyrolyzer ——_
(650°C)
Detector(FID) |
1

Hydrogenation Catalyst
5wt% Pt/80/100mesh Diasolid-H

Splitter
50:1 -

e

Make up Gas
N2
' v < v
_________ VAYa !!A
Q-Ms Caplllary Column .
Typical Pyrograms of PPs
-
(by FID)
(A) 0 C.g diad triad
| Cio & Cis . .
| mm
is0-PP . Ci " Ihon? |s<h)et§;t|c sequences
Cs | exal
| %” |n::r: C;E\Cm gegé\; CzDCzs clcs °™  nonad
| %11 s i CzEK?z? CofCar geézd
C14 J - l 3! 37
i Cio r mm mr | )
= J.‘.i'“‘ A.LJ ...J_l_ur__ |;r_r1 L[r St J,_.. e ‘ AAl -\. L‘ _Ll_l.LJJ —
(B) (| G C
at-PP ' ex) Crz c-é-c-c-c-c-c-c
c c c
[ . tccccclec' s
| N - b
J MLLI _1i.J.L£a1-DI | ‘ h _..JL_ | Wil |LLL|_ _.L..I.H‘.Li_ _...-MM;_ _m__,d\-\-.__.f"’x_--—*
(©) Long syndiotactic sequences
Syn'PP tetrad pentad h
C1D319 CQECQz exad heptad octad
CQECZS Cof1Cs nonad
“ J s CzDCzls C3D234
| s || s
=, J.I,L_'__LJ..AILL .C_l.o L 1 " l‘ ity .1 IIL l | | i \4 { ‘ e ,ML | - __Ju‘
0 10 20 @ 40 o & ; 10 120 130

i: isotactic, s: syndiotactic

(min.)




Diad and Triad Tacticity of PP samples
by Py-GC by 13C-NMR by Py-GC by 13C-NMR
(C13) (C1e)
PP sample
% m %r Y%or %mm  %mr %It %mm %mr  %rr
ML-iso-PP4 743 25.7 84 16 58.9 300 111 70 28 2
ML-iso-PP; 84.6 154 96 4 79.6 7.5 13.0 94 4 2
ML-at-PP 55.8 44.2 57 43 27.7 543 18.0 30 53 17
ML-syn-PP 15.0 85.0 2 98 12.2 8.5 794 1 3 96
ZN-so-pp 868 132 99 1 820 54 126 9 1 o0
ZN-at-PP 49.0 51.0 33.2 344 325
ZN-syn-PP 285 T71.5 27 73 234 128 63.8 17 18 65
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Diad
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Single lon Monitoring at m/z 310 Corresponding to C,, Products

Isotactic(rich) PP
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Isotactic PP
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Isotactic Pentad Tacticity (mmmm) in PP Determined by Py-GC

100
90
80 -
70
60 -
50 [
40
30
20
10 @
0

mmmm fraction by Py-GC (%)

I S S WA S T M

i
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mmmm fraction by 13 C-NMR(%)

ML-S; ML-S; ML-S;3; ML-A ML-ly, ML-l; ML-l; ZN-l; ZN-l;
Py-GC 15 2.0 3.5 8.3 404 755 791 789 832

Py-GC with calibration 0.7 13 3.1 8.8 46.7 881 924 922 97.2
13C-NMR 0.2 11 2.7 9.8 47 88.8 933 91 96.6




Chain end structures of polymers

X~VVWVVVW-Y

Why chain end characterization is so important ?

(A) The properties of various polymeric materials are often
affected by the end groups even for the same kind:
thermal stability, transparency, coloration during
injection and/or weathering,mechanical strength,etc.

(B) The characterization of chain end group are indispensable
to understand the associated polymerization mechanisms:
initiation, propagation, chain-transfer, and termination
reactions, etc.
since the chain end groups are keeping their most important
history.

(C) Quantitative information of the end groups enable us to
estimate exact M, values for the given polymer system:

(D) More practically, many polymer industries are legally
investigating the chain end groups in the polymeric materials
of interest supplied from rival industries(“survival spy”).

Possible end groups in PMMA

Starting materials for PMMA 6 chs
monomer: e Q—C_O_‘IZ
MMA CHe=C COOCHs
I
COOCHs Ha from initiator
L Ho—s
initiator: @—coo—oco—@ Q_C |
BPO COOCHs
H
chain transfer agent: ? ¢
dodecanthiol CoHasSH < > CH—CHz=¢ from solvent
COOCH:
solvent: CHs
toluene O_CH3 ' from
CypHpg—S—CHz— .
Co0CHs chain transfer agent

Hs

radical polymerization CHz—CH disproportionation and
COOCH3 chain transfer reaction
polymethylmethacrylate (PMMA)
Cl
CHs - gHZ di i fi
2~
xm{wcpqz—'cﬂ};mv isproportionation
| COOCHs (unsaturated)
COOCH3




Pyrogram of radically polymerized PMMA at 460°C
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Chain transfer agent residue
H3
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COOCH3 /
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1'0 2'0 3'0 4'0 5'0 - ' | Chain Transfer agent: dodecanethiol
(min) Mn: 28,000

(Sample size:0.5 mg)

[Polym. J., 21, 41-48 (1989) |

Effect of polymerization temperature on end group formation

%104
30T [MMAITquene = 1/10(v/v) }

Relative Peak Intensity to MMA

0 . . \
60 _80 . 100 Temp. dependence:
POlymenzat|On Temp.(°C) initiation reaction > propagation reaction
Yield(%) 0.1 7.3 223 { initiation reaction >chain transfer reaction
to solvent

s
@‘CHzch

COOCH,

0.3 wiv % of BPO

CH,

(|:H3 T
@-CHZ(IZ—CH=(II

COOCH COOCH,
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End Group Characterization in Anionically Polymerized Polystyrene

menss
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Pyrograms of anionically polymerized polystyrene Formation of characteristic pyrolyzates‘
(Mn = 9,000) at 600°C, sample size : 0.1mg of n-Bu end group in PS

[ J. Polym. Sci., Part-A, 32, 383-388 (1994)]

Estimated Number-Average Molecular Weic.;ht of Anionically Polymerized PS

=1

— W
by GPC/SEC] byPy-GC |
A 1,190 1,240
B 3,090 3,250
c 9,000 9,100
D 27,600 28,200
E 64,600 61,400
F 152,000 130,000
G 419,000 587,000
H 979,000 1,090,000

[J. Polym. Sci., Part-A, 32, 383-388 (1994)]
[Macromolecules, 30, 2542-2545 (1997)]
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Characterization of Network Structure in Crosslinked Polymers

Lﬂwa; }@Q)

A ”ﬁl?““ﬁ/p

Ordinary Pyrolysis > J@f@-
;".\\l?D —

‘l’q,,‘ﬂi a:12

Too much fragmentation ]

L F
Thermally-assisted — ¥ =¥k
Chemolysis reagent 2 19-\\1? r—
PRV,

Selective decomposition with
preserving cross-linking points

Thermally Assisted Hydrolysis and Methylation GC
of Condensation Polymers

Py Temp.
300 ~ 400°C

organic alkali : (CH;),NOH

tetramethylammonium
hydroxide (TMAH)

25 wt% in MeOH 1~ 2 ml

polymer sample
> MS ca. 50 ~100 mg
Ve
(0]
1n (CH,),NOH I
R1_C_O_R2 R1_C_O_CH3 + H3C‘0'R2

11
Ry~ 0-C-0-R, (CH3A)4NOH

Ry~0-CH; + H,C-0-R,+ CO,
-
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Compositional Analysis of fully Aromatic Polyester

methanol

MMB
and N(CH,), do DmB
o s A /R 9>_< OO }
C [ o o
a. 400°C © ® ( >‘< | Y | A
with TMAH ]
DMT & * v
Jors sample” *@-w" wof-Eon o D~D-on
PHB TA BP total
85.7 7.0 7.3 100
(846) (7.7)  (1.7)
679 1541 17.0 100
(66.7) (16.7) (16.7)
J 50.5 24.0 25.5 100
W I A B (50) (25) (25)
b. 400°C 34.1 32,0 339 400
without TMAH (33.3) (33.3)  (33.3)
A ———— () : feed composition
c. 600°C solid residue ibilities -
i ducibilities : CV < 1.0 %
without TMAH Phen®! biphenol | - 30 o) ropfodeies =227

wwc;%{ﬂo}{r@%w

PHB/TA/BP =50/25/25
Sample size: 0.05 mg

[J. High Res. Chromatogr., 14, 388-391 (1991) ]
[J. Anal. Appl. Pyrolysis, 33, 167-1480 (1995) ]

End group determination of solvent method polycarbonate

Q@H <9 o
.

0

H,C-C-CH,

pof

Ordinary Py GC (600°C)

H,C-C-CH,

‘ Conventional pyrolysis ‘
from main chain

H, CH,
n 1 A 1

Eo-0-4Orof > HoLO-4- Ol O e O
—_— 3

from chain- termlnal
CH, GH,
mw-o-o-c-o-( )—c-CH b, -{:}-c-cH oG-+

CH3 ' CH, etc.

‘ Reactive pyrolysis in the presence of TMAH ‘
from maln chain

AN
111 N

40 50
Retention Time (min)

Reactive Py- GC (400°C)

reagent- ch,
related peaks H;COO:cOocH,
&,
s
Heo— p—t-cu
n,
0 10 20 30 40 50

Retention Time (min)

[Polym. J., 28, 1090-1095 (1996)]

CH,
-{c OOCOO{M
from chaln-tergwlnal

CH,
el ¥-0-C-0 )—(::-CH3 A @O'O'C'CH
CH,

CH,
Ly goO-E-O-okH
H CH,

TMAH

Determination of M,

Estimated Mn values

Fraction N
No. by SEC by Py-GC by!HMNR

S-1 23,400 26,900 30,200
S-2 8,300 9,500 9,600
S-3 4,000 4,700

* :CV values: 0.5~2%
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Abnormal structures in polycarbonate (PC)

[Macromolecules, 33, 8173-8183(2000); Polym. Degrad. Stab., 74, 171-176(2001)]

CH3
eV Waset
CH, (o}
n

PC samples

Degree of branching

Sample Preparation method and/or cross-linking
name
structures
SM-PC Solution method Low
}industrial PC
MM-PC Melt method Somewhat
Thermal
insolubilization .
IS-PC with MM-PC considerable
(ai 30!\0(‘ in-aicfor.3 knu—e>
Pyrograms of PC samples
CH3OH ?Ha ?Ha
+(CHy)sN H;co—Qi)—?—CH3 Hsco_@_T_O_OCHa
c
| b SM-PC
MM-PE——

H;CO—@
a
I

12

J_’JLL/ x15

2 CH,
[/ | =
4?'”3(:0 \ 7 ? \_/—OCH,
s b

Hy
x15 OCH,3 ?
: 3,CO OCH;3
g O
4

l | C—OCH,
n 1 | IS-PC
L (thermally treated
i . 6 7 8  MM-PC)
! 1 /2
J a,. | ! L A A A
10 \ 20 30 40 Retention time (min)
o) —oen
OCH, HJCQ_Q_EE@_OCHJ ) iﬂz
o,/c—ocHJ éz HyCO H_©_°CH3

c
¥

§

c

¢

H,CO-@—f:CN—@—ocn, H,CD—@—?
CH, Cl

Hy

Hs HyC—C—CH
—@—OCH; N 3

OCH;
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and its characteristic product (peak 5)

Formation pathway of the carboxylic branching structure

°  £—OCH,
o

CH; = GHi/=
SR Vs saWa nVWag: A
Kolbe-Scumitt rearrangement i
l g . l Fries rearrangement Thermal
e [ cHs . M’\’W"\—o-ﬁ-o—@—g: OH reactions
l O H@O o
CH, CHgy
HO— :)—E—NWV\NJ l @—o—ﬁ-o MNJ
[ g I ] _ — o
s e B Vel a W au reon—o-gho- L s
o 05 CHy 0 o o CH,
F O : e A\Was sonlt
Carboxylic branching structure™™" N
A lTMAH Reactive
o pyrolysis
Peak 5 HJCO—Q—T—Q—OCH;
CH.

299
[M-CHz 1"

267
133 a5 - 283| P
[MW =314] oo ‘AfL L ‘
50 100 150 200 /2250 300 350 400

Formation pathway of the biphenyl type cross-linking structure

and its characteristic product (peak 7)

Hs
/MO_C_O_Q_E_Q_O_C_O_NW\A 3\
§ i §

CH,
H abstraction from
phenyl group
On-aromatic ring radical
§Hs
ANNA—O-C-0 0—C—0—"""AA
OOy
o Thermal
1 Recombination reactions
o [MW =510] 495
mo—ﬁ-—b—@—? 3 0+g-o— A [ M-CH, ]*
o CHy o
& i 240
INN—0-C—+-0 ¢ 0+C-0—VN M-2CH. 12 510
o CH, ) / 149 [ 5] M+
Biphenyl type cross-linking structure N 133
. JM 1 il
I T I I I 1
A l TMAH 100 200 300 ./, 400 500 600
GH, Reactive
HsCO é;:@i)—ocn3 pyrolysis
3
= GHs
Hco— ¢ OCH;
CH,
Peak 7 7
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Various abnormal structures such as the branching, cross-linking\
and xanthone structures in thermally treated PC samples were
confirmed by Py-GC in the presence of TMAH.

Furthermore, it was proved that some of these structures would be

formed in the industrial polymerization reactor to synthesize the PC
by the melt method.

\_ Possible structures of the thermally treated PC J

Characterization of network structure in UV-cured resins

UV-curable resins

Characteristics : rapid curing
low temperature curing
solventless

Versatile utilization : coatings, ink binders, photoresists,
dental materials etc.

properties structures
close
correlation
Y :
Initiator + Initiator o Initiator g S@ /\Qf‘)
radicals P\ residues - residues K —>
prepolymer 0 0 .
(Colymerizable groups cross-linked

network structure
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Photo-cured resin samples

Prepolymer M, = 400 (n = 3~15)
e ?
CHZZCH*C*O{CHZCHZfO}C*CH:CHZ

n

_ polyethyleneglycol diacrylate

~

Photoinitiator

IR
e AT
\_ IRGACURES07

AN

Photo-curable resin mixtures

prepolymer / photoinitiator = 100/ 3

(wt)

Light source[d 80 W/cm medium pressure

mercury lamp ( 365 nm))

Irradiation[11225 mJ/cm?in air

Photo-cured resin samples

1 Photo-curing Reaction 1

o

Q GHs /—\
HyCS c—<CcN O
S/

Hs

o
polyethylene
glycol chain

o CHs —
0 _
—_— Hacs@cg + B? N O
CHy —

9@ Q D Q D /\(J
H,CS e |+ CH=CH ——fpm HCS C—CHyCH H3CS‘©*07CHZ"C’+CH;*(‘IH —
c=o ¢=0 &o
;

L

radical polymerization
in each end-groups of
prepolymer

(‘FO

Cross-linked
| network structure

O : acrylic terminal of
prepolymer

erograms of UV-curable resin before and after irradiation

n = k:dimethyl n:ierlvatlvci)sf before curin
ethylene glycol k-mer
Photoinitiator N =8 _ g
- =7
TMAH-related peaks n n =10
f Methyl Acrylate n=t n =11
« n=1e
L'n -5 n=13
n= -
R 1 L e o L o " |
‘ cured resin ‘
Various minor peaks } 3 }
characteristic of 1 b
crosslinked network structures ' i
|
[ Ll Ll l A
I T T T T T
0 20 uo kO Time(min)

ée selective chemolysis
at the ester linkage
achieved by pyrolysis
with TMAH
[e] o
CHFCHf&70<<<:HZCH2—o>»&—CHZCH2

Prepolymer

TMAHlA
H3CO<<CHZCH2*( )>7CH3
n

Dimethyl derivative of
polyethylene glycol

+

o
7
2 CH/~=CH-C-OCH;

K Methyl acrylate /
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Peaks reflecting cross-linked network structures of cured resin

cured resin

? Q Q
CHy=CG—CH;~CH, CH, CH,3 CHy  etc,
s 5 MA 3-mer
EHB EHK etc. | Photoinitiator
fragment
MA 2-mer

CH,=C— CH—CH-CH,~CH,
¢=0 ¢=0 c=0

A‘ : dimethyl derivatives of PEG ‘

MA 4-mer

Photoinitiator

20 30 40 50 60 Time (min)
o
/ chs@& cwaﬁ:wéCHZE(‘:H%czHr‘CHz (‘IH2<CH2*(‘IH>M2F|2’(‘IH2
c=0 c=0 col| g »| ¢=o ¢=0  ¢=o
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Molecular properties of polymeric materials and their characterization techniques

A: Purity
Residual solvent, catalyst, monomer etc.

B: Average molecular weight (MW) and MW distribution
Number average MW (Mn), —
Weight average MW (Mw), —
Viscosity average MW (Mh),  —
Z average MW (Mz), —
MW distribution, Polydispersity (MwMn)etc. _

C: Microstructure
a. Branching
Short chain branching
Long chain branching
b. Stereoregularity
Average Stereoregularity,Stereoregular distribution,
Stereoregular sequence distribution etc.
c. Bonding structure
Regioirregularity,1,4- or 1,2-linkage,cis-or trance-etc.
d. End group

D: Chemical structure of copolymers
a. Average chemical composition

b. Distribution in chemical composition
c. Sequence structure

Run number, Average sequence length,
Sequence distribution

E: Microge[Dosslinking structure
a. Weight fraction of gel
b. Network structure of insolube crosslinking polymer

Chemical analysis, Various chromatography (GC, TLC, HPLC etc.)
Mass spectrometry (MS), Spectroscopic methods (IR, NMR etc.),
Emission analysis, Atomic Absorption etc.

Membrane osmometry, Vapor pressure osmometry,
Ebullioscopy, Light scattering, Ultra centrifugation,
Viscometry, Size exclusion chromatography (SEC),
(MALDI-)MS,NMR,Pyrolysis-GC/MS (Py-GC/MS) etc.

IR, NMR, Py-GC/MS etc.
NMR, Solution theory
IR, NMR, TLC, Py-GC/MS etc

IR, NMR, Py-GC/MS, Chemorysis-GC/HPLC etc.

IR, NMR, Py-GC/MS, MALDI-MS, Titration etc.

Elemental analysis, Chemical analysis, IR, NMR, Py-GC/MS,
Chemorysis-GC/HPLC etc.

Cross-fractionation, TLC, TREF, SEC, HPLC, LC-NMR, MALDI-MSetd]
IR, NMR, Py-GC/MS, Chemorysis-GC, MALDI-MS

Filtration, Ultra-Centrifigation
Py-GC/MS, Elemental Analysis,
IR, Thermal Analysis, Swelling measurements etc.

Simultaneous determinat

and average molecular weight of PC copolymer

ion of copolymer composition

N N
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|Pyrogram of light stabilized PC at 400°C in the presence of TMAH
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