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Homopolymers and copolymers of alkylisocyanates having n-hexyl, 2,Gdimethylheptyl, 
3,7-dimethyloctyl, and (2,Zdimethyl-1,3-dioxolan-4-yl)methyl substituents underwent ther- 
mal degradation in the course of desorption electron ionization to yield trimers and 
monomers that were characterized in situ by tandem mass spectrometry. The trimers were 
trisubstituted cyanuric acids, the protonated molecules displaying a characteristic series of 
alkene eliminations on collision-induced dissociation to yield protonated cyanuric acid, m/z 
130. Confirmation of the identity of the pyrolysates was obtained by using two types of 
MS3 experiments: the reaction intermediate scan and the two-dimensional familial scan. 
The ion chemistry of the trimers and of the protonated monomer, the alkylisocyanate, was 
elucidated. Among the many interesting fragmentation processes undergone by the ionized 
trimers were CY and P C-C bond cleavages and charge-remote fragmentations, which 
provided information on branching in the alkyl substituent. The dioxolane-containing 
substituent showed unique ion chemistry. The monomer distribution in the copolymers 
was deduced from the abundances of the various protonated trimers. The distribution was 
found to be random in all copolymers except that containing the dioxolane substituent. 
(1 Am Sot Mass Spectrom 1991, 2, 130-148) 

P 
olyisocyanates [l], also known as N-substituted 
l-nylons, are linear high molecular weight poly- 
mers [2, 31 having liquid-crystalline properties 

[4]. In this study we investigate the application of 
tandem mass spectrometry (MS/MS) to these liquid 
crystal polymers. This is appropriate because mass 
spectrometry has been shown to be useful in examin- 
ing the polyisocyanates [5] and, in general, is seeing 
gradually increasing use as a tool for polymer charac- 
terization 16-81 as a result of the lilting of the princi- 
pal limitations of the technique through advances in 
ionization methods [9-111 and extensions in mass 
range [12-151. The present study has three major 
objectives: (1) to investigate the usefulness of pyroly- 
sis/MS/MS in identifyiig the products of thermal 
degradation of polyisocyanates, (2) to investigate the 
ion chemistry of the polyisocyanate pyrolysates, and 
(3) to establish whether mass spectrometric methods 
are useful in determining the distribution of 
monomers in copolymers. 
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13081, Campinas, SP, Brazil. 
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Pyrolysis, when coupled with spectroscopic tech- 
niques, is a generally useful approach to the analysis 
of polymers and other complex nonvolatile organic 
materials. Since the introduction of pyrolysis/mass 
spechometry by Zemany [16], it has been applied 
extensively in polymer analysis. Commonly, gas chro- 
matography combined with mass spectrometry is used 
to characterize pyrolysates [17-191 although the 
method has obvious limitations. In other experiments, 
pyrolysis of nonvolatile samples is followed by imme- 
diate ionization of the pyrolysate and mass analysis of 
the resulting gas-phase ions [6-8, 16-221. Three 
methods are commonly used in pyrolysis/mass spec- 
trometry: (1) Curie-point pyrolysis [23], which in- 
volves rapid inductive heating (lo’-lo4 K/s), (2) py- 
rolysis by means of laser irradiation [24], and (3) 
pyrolysis induced by slower resistive heating of a 
sample in a direct insertion probe or furnace py- 
rolyzer [ 251. Two versions of the last method, desorp- 
tion chemical ionization (DCI) and desorption electron 
ionization (DE]) [26], utilize relatively rapid heating of 
a sample placed on a thin wire that is introduced 
directly into the ionization chamber of an electron 
impact or chemical ionization source. This procedure, 
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like the closely related particle impact desorption 
methods of ionization [Zq, can result in vaporization 
of thermally labile molecules without thermal degra- 
dation. For example, laser desorption Fourier-trans- 
form mass spectrometry has been applied successfully 
to determine the moIecular weight distributions and 
copolymer compositions of a series of methylmeth- 
acrylate/butylacrylate, methylmethacrylate/styrene, 
and poly(ethylene glycol)/poly(propylene glycol) 
copolymers [28]. 

Tandem mass spectrometry provides enhanced ca- 
pabilities for elucidating molecular structures, espe- 
cially for compounds present in mixtures [29, 301. The 
combination of desorption ionization methods with 
MS/MS has proven of value in biopolymer research, 
especially peptide sequencing [31, 321, and MS/MS 
may also have much to offer in structural characteriza- 
tion of other types of polymers. This is indicated by 
the studies of Lattimer et al. [6], who used MS/MS 
combined with fast atom bombardment to study 
polyglycols and found the technique useful for direct 
analysis of the structures of individual components in 
mixtures of oligomers. Similarly, Montaudo and co- 
workers [20, 211 used MS/MS in structural studies of 
mixtures of pyrolysis products of polyamides. 

An extension of the MS/MS concept is embodied 
in MS3 experiments, which employ three stages of 
mass analysis [33]. Two types of MS3 experiments are 
employed in this study and are implemented by using 
a pentaquadrupole mass spectrometer [34]. In the first 
type, the reaction intermediate scan, intermediate ions 
connecting a specific parent ion and a terminal frag- 
ment ion are recorded [35]. In the second type, the 
familial scan, the parents and daughters of a particu- 
lar mass-selected ion are recorded in the form of a 
two-dimensional mass spectrum [35]. These are new 
capabilities in mass spectrometry and it is clearly of 
interest to establish their utility. 

Experimental 

Mass spectra and MS/MS experiments were recorded 
by using a Finnigan TSQ 4500 mass spectrometer. 
Solid samples were placed on a rhenium wire fila- 
ment of a direct exposure probe or in a glass vial in a 
direct insertion probe for introduction into the ion 
source of the mass spectrometer. Typical sample sizes 
were approximately 1 rg for DE1 and DC1 mass spec- 
tra and 10 pg for MS/MS experiments. The ion source 
temperature was 190 “C and background pressure in 
the ion source was 3 x lo-* torr. Pyrolysis of the 
polymers was carried out within the ion source of the 
mass spectrometer by heating the probe from 20 “C to 
400 ‘C at a rate of 100 OC/s. The instrument was 
scanned during the entire temperature ramp. Py- 
rolysates appeared within the temperature range 
200-400 ‘C. The source pressure during DE1 was 
approximately 2 x lo-’ torr. The pyrolysates were 

ionized either by 15-eV or 70-eV DE1 or by DC1 by 
using reagent ions generated from ammonia, isobu- 
tane, or methane reagent gases. The chemical ioniza- 
tion (Cl) gas pressure in the ion source was 0.5 torr. 
The quadrupole mass analyzer was scanned from 100 
u to 600 u at a rate of 1000 u/s during the collection of 
DE1 and DC1 mass spectra. Fragmentation of the ion- 
ized pyrolysates was investigated with MS/MS by 
using DC1 for the production of protonated and other 
adduct ions and DE1 for the formation of radical 
cations. Parent ions, mass-selected by using the hrst 
quadrupole (Ql), were collided with argon collision 
gas at 20 eV and a pressure of 2.0 mtorr (multiple 
collision conditions) in the second quadrupole (Q2) to 
generate daughter spectra, which were recorded by 
scanning the third quadrupole (43). Parent spectra 
were recorded under the same conditions. 

Reaction intermediate and familial scans were 
recorded by using a custom-built pentaquadrupole 
instrument [35]. About 0.5 mg of the solid sample was 
introduced via a direct insertion probe, which was 
heated from an initial temperat& of 35 ‘C to the 
final temperature of 180 “C at a rate of 120 “C/min 
during pyrolysis. The spectra were acquired at the 
final temperature. The background pressure in the ion 
source was 2 x 10m7 torr and the maximum indicated 
sample pressure during pyrolysis was 6 x 10W5 torr. 
The pyrolysates were ionized by 25-eV electron im- 
pact. For the reaction intermediate scans, the parent 
ions were mass-selected by Ql, and the fifth 
quadrupole (45) was set to select a specific fragment 
ion of interest while scanning Q3. For the familial 
scan, 43 was set at a particular mass-to-charge ratio 
value while scanning both Ql and Q5 to produce a 
two-dimensional output. Argon was used as collision 
gas in both regions at nominal pressures 1 x 10m5 torr 
and 3 x 10m5 torr (as measured by remote ion gauges) 
for the second (Q2) and fourth (Q4) quadrupoles, 
respectively. The quadrupoles were operated at offset 
voltages, relative to the grounded ion source, of Ql = 
-10 V, 42 = -4 V, 43 = -5 V, 44 = -8 V, and 

Q5 = -5 V. The MS3 spectra were recorded by scan- 
ning the quadrupoles at a rate of 2 u/s using a 
custom-built MS3 data system that employed a Keith- 
ley Series 500 measurement and control system, a 
Zenith Z-200 PC, and software written in the “C” 
language [ 351. 

Copolymers were synthesized from mixtures con- 
taining two monomers in various mole ratios: Poly- 
mer-IV was synthesized from n-hexylisocyanate and 
2,6_dimethylheptylisocyanate in the mole ratio 63:37, 
Polymer-V from a 50:50 mole ratio of 2,6-dimethyl- 
heptylisocyanate and its homologue 3,7-dimethyloc- 
tylisocyanate, and Polymer-VI from n-hexylisocyanate 
and (2,2-dimethyl-1,3-dioxolan-4-yl)methylisocyanate 
in the mole ratio 88:12 [36, 371. The various polyiso- 
cyanates were synthesized by following detailed pro- 
cedures discussed in the Ph.D. theses of M. P. Reidy 



132 MAJUMDARETAL. J Am Sot Mass Spectrom 1991,2,13&148 

Table 1. Direct pyrolysis mass spectra of Polymer-I, obtained with different ionization methodsa 

DEI methods DCI methods 

m/z 

alsotopic peaks and ions less than 1% in relative abundance are not reported. 

and B. Mufioz (Polytechnic University, 1990). The 
synthesis of poly(Z,6-dimethylheptylisocyanate) and 
poIy(2,2-dimethyl-l,3-dioxolan-4-yl)methylisocyanate 
and their copolymers with n-hexylisocyanate has ap- 
peared in the literature [36, 371. 

Results and Discussion 

Homopolymers - Major Pyrolysis Producfs and 
Fragmentation Pathways 

The pyrolysis mass spectra of poly( n-hexyZ)isoqunnte 
(Polymer-l) display m/z 382 as the highest mass ion 
under DEI conditions and as the most abundant ion 
under DC1 (Table l), which suggests that this ion 
represents an ionized form of the predominant pyrol- 
ysis product. The daughter spectrum of ion m/z 382 
shows major fragments at m/z 298, 214, and 130 
(Table 2), ions which appear to arise from m/z 382 by 
sequential loss of molecules of hexene (C,H,, 84 u). 
This reaction sequence is clearly revealed in the reac- 
tion intermediate spectrum [35] (Figure l), which 
shows only the ions m/z 298 and 214 as intermedi- 
ates of significant abundance connecting ion m /z 382 
with the fragment m/z 130. The two-dimensional 
familial scan, acquired by selecting ion m/z 130 as the 
intermediate, also confirms this fragmentation path- 
way, as well as allowing structural assignments for 
these ions. This spectrum (Figure 2) shows parent 
ions, m/z 382, 298, and 214, corresponding to the 
successive losses of hexene units. Since each of the 
parent ions generates the same set of daughter ions, 
m/z 87, 70, and 44, when they fragment via m/z 130 
to lower-mass ions, it is clear that each parent pro- 
duces an identical product m/z 130. The set of frag- 
ments displayed by ion m/z 130 suggests it to be 

protonated cyanuric acid, and it is therefore con- 
cluded that the individual parent ions are n-hexylated 
forms of this ion. 

In order to co&m the structure of ion m/z 130, a 
daughter spectrum of protonated cyanuric acid was 
recorded by using an authentic sample of this com- 
pound. The similarity of this spectrum with the 
daughter spectrum of m/z 130 generated by pyrolysis 
of Polymer-I (Figure 3) confirms that they indeed have 
the same structure. The fragmentation pathway pro- 
posed for this ion is shown in Scheme I. 

From the above information one can conclude that 
the principal pyrolysis product of Polymer-I is the 
neutral trimer which, upon DC1 and DEI, yields the 
protonated trimer [M + H]+ at m/z 382 and, under 
DE1 conditions, a minor amount of the radical cation 
of the trimer, M+’ at m /L 381. The use of ammonia as 
reagent gas leads, in addition to [M + HI+, to an 
[M + NH4]+ adduct at m/z 399. Formation of the 
protonated trimer in greater abundance than the 
molecular ion during DE1 is due to self-protonation, 
which is probably a result of the high local pressure of 
the pyrolysate in the ion source. 

The protonated and the radical cation forms of the 
molecdar ion of the n-hexylisocyanate trimer frag- 
ment principally by a convergent route (Scheme I) 
that involves loss of their n-hexyl groups (R,). The 
proposed mechanism for loss of the stable hexenyl 
radical from the trimer radical cation, a process that 
must involve transfer of two hydrogens from the 
leaving alkyl group, is also shown in Scheme I. 

Conhrmation of these assignments, as well as fur- 
ther detail of the ion chemistry of the pyrolysate, is 
available by examination of the daughter and parent 
ion spectra of the major fragment ions. The hexene 
elimination process is clearly seen in the daughter 
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Table 2. MS/MS spectra of the major ions of Polymer-I” 

ALKYLISOCYANATE POLYMERS 133 

Selected ion m/t Daughter ions m/z (% relative abundance) Parent ions m/z (% relative abundance1 

399b 382(100), 298(84), 214145). 130113) None observed 

382 296(15), 214(40), 130(1001, 128116). 65131). 
59(l), 57(6), 43(11) 399(100lb 

381” 298(100), 256(3), 242(3). 228(31, 214(62), 
144151. 130188). 128(3). 8515). 70(41. 4313) None observed 

31-F 282(5), 266(18). 255(14), 241(141, 228162). 
1581281, 144(1001, 113(18), 87(51, 85153). 
70(6), 59(1 l), 57(37), 43124) 381(100), 353(5) 

298’ 256(l), 214(25), 144l11, 130(100~. 128111, 
87(8), 85(8), 70(l), 59(2). 57(7). 43(12) 382(100) 

256’ 214(7). 179(2). 172(33). 14411). 13OilOOL 128(3), 
93(3). 87(171, 85f81, 70(2). 5913). 57(5), 43(32) 3821100) 

228’ 144(100), 128(l), lOl(5). 87(10), 85131, 70(21, 382(100), 366(181. 
59(21, 57(451, 44(12). 43(45) 352(341, 31 l(97) 

214’ 130(451, 87130). 85(8). 70(81. 59(3). 57(15). 
44130). 43(100), 41(21 382(1001, 352(31, 298(23) 

184 14211). 128(6), 85(34), 57(100), 43(65). 411101, 

29(4). 27(3) None observed 

158d 130(18), 87114). 72(11. 70(7). 59(100). 57(l). 382(70). 352(4), 31 l(21). 
44(62), 43(5), 42(5) 298(40). 242(100), 212(26) 

144d 87(15), 70(12), 59(31, 58(94). 57(6). 44(1001 382150). 352(301, 312(13), 
311(241. 2281100) 

130d 87(201, 70(18), 441100) 382(15), 36611). 352(2), 298(100), 
256(l). 242(l), 214(5), 184(l) 

128 127(3), 112(5). 9812). 85(5). 841101. 70(21) 
59(7), 57134). 4311001 382ClOOl. 298(8). 242(l) 

‘Conditions: lsobutane DCI (unless otherwise noted). 20.eV collisions on Argon (2 mtorr). 
bAmmonia DCI is used. 
’ 15eV DEI is used. 
d70-eV DEI is used. 

spectra of ions m /z 298 and 214 (Table 2). The parent 
spectra of all the major ions show the protonated 
trimer, m fz 382, as their highest-mass precursor, and 
their daughter spectra yield either m/z 144 or m/z 
130. 

The formation of the cyclic trirner is also observed 
in the direct pyrolysis mass spectra of poly(2,6-dimeth- 
ylheptyl)isocyunate (Polymer-II) as [M + HI+ (m/z 
508), M+’ (m/z 507), and in the case of NH, DCI, 
[M + NH,]+ -(m/z 525) (Table S-l), The fragmenta- 
tion of ion m/z 508 by sequential eliminations of the 

Figure 1. MS3 reaction intermediate spectrum of the proto- 
nated trimer from Polymer-I. 

2,Gdimethylheptyl groups (R2) as nonene (126 u) is 
responsible for the abundant ions at m/z 382, 256, 
and 130 in the mass spectrum. This fragmentation 
sequence, familiar from Scheme I, is also evident in 
its daughter spectrum. The reaction intermediate 

spectrum (not reproduced since it matches that dis- 
cussed below for Polymer-IV) clearly shows that the 
fragment ions m/z 382 and 256 are the intermediates 
that connect the ions m ,I z 508 and 130. The isobaric 

Figure 2. MS3 two-dimensional familial scan from Polymer-l. 
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44 

m/z 
Figure 3. (a) MS/MS daughter spectrum of m/z 130 from 
Polymer-l; (b) MS/MS daughter spectrum of protonated cya- 
nuric acid. 

Scheme I 

Scheme II 

relationship between ions m/z 382 produced from 
Polymer-I and Polymer-II is confirmed by their dif- 
ferent daughter spectra (Tables 2 and S-2). 

A significant amount of the protonated trimer of 
poly(2,2-dimethyZ-l,3-dionolan-4-yl)methy~isocyu~ute 

(Polymer-III) is observed under DC1 conditions, at 
m /z 472 (Table S-3). Under DE1 conditions, however, 
the ionized forms of the trimer are not observed. A 
major peak in the DE1 mass spectrum (m/z 456) 

corresponds to the loss of a methyl radical from the 
molecular radical cation, or to the loss of methane 
from the protonated trimer. This type of fragmenta- 
tion (Scheme II) is expected to be highly favored in 
the (2,2-dimethyl-1,3-dioxolan-4-yl)methyl substituent 
(R3) [43] and it accounts for the absence of molecular 
ions. Another fragmentation expected to be favored 
involves loss of acetone and is also shown in Scheme 
Il. 

Singly or in combination, these characteristic frag- 
mentation processes (loss of 15 or 16 and 58 u) and 
ako loss of R, as nonene (114 u) are responsible for 
the majority of the observed fragment ions (Scheme 
S-I). Parent spectra of the major fragment ions (Table 
S-4) typically show either the protonated trimer ion 
m fz 472 or the ion m/z 456 as their precursors. 
Daughter spectra of ions m/z 472 and m/z 456 are 
decidedly different, as expected from the argument 
that charge localization occurs on the cyanuric acid in 
the former and in the side chain of the latter ion. 

Another consequence of the favored modes of frag- 
mentation just discussed is that the characteristic 
alkene elimination sequence is displayed only weakly 
in Polymer-III, as seen by the low abundance of the 
protonated cyclic deallcylated trimer, ion m/z 130. In 
order to check the itiuence of the charge-stabilizing 
dioxolane group on the fragmentation behavior of this 
trimer, 1,3,5-tris(Z-hydroxyethyl)cyanuric acid was 
chosen as an analogue of this compound. Its DE1 (70 
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eV) and isobutane DC1 mass spectra (Figure S-l) show 
production of the protonated molecular ion and com- 
plete absence of the m/z 130 fragment ion. The 
daughter spectrum of [M + H]+ (Figure 5-1~) also 
fails to show any ion m/z 130. These and other 
similarities between the pyrolysis mass spectra of 
Polymer-III (Table S-3) and 1,3,5-tris(2-hydroxy- 
ethyl)cyanuric acid (Figure S-l) confirm that the oxy- 
genated side chain is responsible for the distinctive 
fragmentation pathway of the trimer derived from 
Polymer-III. 

The MS/MS parent spectrum of the ion m/r 101 
(Table S-4), a very abundant ion in the DE1 spectrum 
from Polymer-III, does not display any precursors. Its 
greatly decreased abundance in the DC1 mass spectra 
implies that it is not an ionized form of a pyrolysis 
product and that it is probably generated by rapid 
fragmentation of the trimer radical ion in the ion 
source (Scheme II), as is also the case for ion m/z 
456. Although the ion m/z 101 is expected to be less 
stable than ion m/z 456, its high relative abundance 

may be due in part to the formation of the more stable 
complementary radical product. 

C&on-Carbon bend cleavages. The ion m/z 311, pres- 
ent in the mass and MS/MS spectra of Polymer-I 
(Tables 1 and Z), appears to be a radical ion and its 
parent spectrum suggests that it is the product of 
cleavage of the OL C-C bond in M+’ with elimination 
of the elements of neutral pentene. This a-cleavage 
process may occur by hydrogen atom transfer to the 
ionized nitrogen in a five-membered ring as shown in 
Scheme III. A similar process has been reported for 
N-n-butylsuccinamide [38]. The methyl substituent in 
the ion m/r 311 shows its presence by the fact that 
further fragmentation proceeds through ions m/z 241 
and 228 and ultimately leads to ions m/z 158 and 144, 
respectively, rather than giving the lower homologue 
m/z 130. 

The protonated trimer, m/z 382, is also an impor- 
tant precursor of the fragments at m/z 228, 158, and 
144, as well as the fragment ion m/z 242, which is the 

Scheme III 
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base peak in the parent spectrum of m /z 158. These 
fmdings indicate that cx C-C bond cleavage also 
occurs in the protonated trimer (Scheme III). 

The daughter spectra of the high-mass ions gener- 
ated from the pyrolysate of Polymer-II do not show 
the IY C-C bond cleavage intermediate products, 
although m/z 270 appears in the 7O-eV DE1 mass 
spectrum and in the parent spectra of m /z 144, as its 

m/r 402 

4 

I -CH, 

m/z l?O 

m/z xd 

m/z 256 

major precursor. On the other hand, ion m/z 298 
appears to be a P C-C bond cleavage product. It is 
formed from ions m/z 382 and 508, by processes that 
must involve loss of C,H,,, and it fragments to m/z 
172 and 130, which suggests a cyanuric acid structure 
bearing an R, substituent and a propyl group. An- 
other possible fl C-C cleavage product, ion m/z 424, 
is one of the parents of the ion m /z 127 (Scheme IV). 

-=6% 

l 

\ -(RI-H) 

m/z 296 

0 

m/r 172 

-v6 

Ol+’ - 
62 

0 
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The near absence of the o-cleavage analogue and the 
presence of &cleavage products for Polymer-II are 
accounted for by the presence of the methyl sub- 
stituent at the fi carbon in the R2 chain. This sub- 
stituent can stabilize the radical generated at this site 
upon a six-centered hydrogen transfer to the nitrogen 
that would occur in a o-cleavage process, 

Radical stabilization at the fl carbon, within R,, 
may also explain the relatively abundant formation of 
the ionized alkene (m/z 126) in the DE1 mass spectra 
of Polymer-II. This ion can be generated from M+’ 
(m /.z 507) by a McLafferty-type rearrangement [42] in 
which the stability of the radical at the fl carbon atom 
leads to retention of the charge by the alkene (Scheme 
W. 

A protonated cyanuric acid structure bearing a 
hexyl (R,) and a propyl group formed by a y C-C 
cleavage is attributed to the ion m/z 256 (Scheme III}. 
The protonated cyclic trimer, m/z 382, formed from 
Polymer-l is the major source of the ion m/z 256. The 
most important ions in the daughter spectrum of this 
fragment are m/z 214, 172, and 130 (Table 2). This 
dissociation pattern indicates the presence of both 
propyl and hexyl substituents, loss of hexene yielding 
m /z 172, loss of propene yielding WI /z 214, and loss 
of both groups as alkenes yielding m /z 130. 

The DE1 mass spectrum of Polymer-II (Table S-l) 
shows an ion at m/z 464 that may correspond to an 
ipso cyclic product due to E C-C bond cleavage in 
the trimer radical cation (m /z 507). This six-centered 
fragmentation process (Scheme IV) is probably fa- 
vored by the stability of the isopropyl radical gener- 
ated. The further fragments corresponding to sequen- 
tial loss of the R, group as nonene from ion m/z 464 
are also observed at m /z 338 and 212. 

Charge-remote fragmenfntions. Fragmentation formally 
remote from the charge site is expected in energetic 
even-electron ions, such as protonated amides, which 
bear long-chain alkyl substituents [39, 401. The DE1 
and methane DC1 mass spectra of Polymer-l display a 
series of low-abundance ions, m Jz 366, 352, 338, and 
324, which may arise through charge-remote fragmen- 
tation (Table 1, Scheme III). These ions are formally 
due to alkane loss from the protonated trimer. The 
fact that they do not appear in any MS/MS spectra 
may be due to the low collision energy used in these 
experiments. We consider it unlikely that they are 
direct pyrolysis products because they should then 
appear in all the DC1 spectra. 

The second major fragmentation process evident 
from the mass and MS/MS spectra of the protonated 
trimer (m/z 508) generated from Polymer-II is the 
formation of the protonated monomer, m/z 170. The 
parent spectrum of this ion conhrms that it arises, at 
least in part, as a dissociation product of the proto- 
nated trimer. Further fragmentation by HNCO loss to 
yield Rz (m/z 127) and its fragments (Scheme IV) is 
apparent by a comparison of the daughter spectra of 
ions m /z 170 and 127 (Table S-2). The NH, DCl mass 
spectrum shows the ammonia adducts (m/z 525 and 
187) of the protonated trimer (m/z 508) and of the 
protonated monomer (m/z 170). This result suggests 
a second route to the monomer, viz., that it is gener- 
ated separately as a neutral molecule. The alternative, 
that the [monomer + NHJ* ion is a fragment of the 
[trimer + NHJ+ ion was tested by recording the 
daughter spectrum of the latter (Table S-2). This spec- 
trum shows abundant ions due to the normal alkene 
loss sequence without retention of the ammonia, m /z 
382, 256, and 130. This indicates a weakly bound 
NH,, although m/z 382 was accompanied by a low- 
abundance ammonia adduct at m/z 399. Neither the 
monomer nor its ammonia adduct was observed, con- 
tirming the independent formation of the neutral 
monomer by pyrolysis. 

The charge-remote fragmentations evident in the The daughter spectrum of the ion m/z 144, gener- 
n-hexyl case are also apparent in the nonyl case, i.e., ated by NH, DCl, is distinctly different from that of 
Polymer-II. The position of branching of the R, chain m/z 144 when generated by DE1 (Table S-2). The ion 
is discernible in these ions as seen by the fact that the at m/z 144 in the NH, DC1 mass spectrum is not the 
alkane loss sequence is interrupted at C,; i.e., in the product of dissociation of [M + NHJ+, as shown by 
sequence m/z 492, 478, 464, and 450, m/z 478 is the daughter spectrum of the latter; however, it is 
absent (Table S-l, Scheme IV). generated from the ammonia adduct of the monomer, 

contribution to the ion chemistry of the pyrolysate of 
Polymer-l and Polymer-II even though the major reac- 
tions are dominated by loss of the hexyl group in the 
form of hexene. 

The protonated monomer. The ion m/z 128, which is 
very abundant in the methane DCl pyrolysis mass 
spectrum of Polymer-I, corresponds to protonated n- 
hexylisocyanate, viz., to the protonated monomer. 
The fact that its abundance increases as the exother- 
rnicity of protonation increases suggests that it is, at 
least in part, the product of fragmentation of the 
protonated trimer (Scheme III). The parent spectrum 
of m Jz 128 confirms this view. However, the pres- 
ence of the isobutane adduct seen at m/z 184 in the 
isobutane CI mass spectrum provides evidence for 
direct generation of the monomer as a neutral product 
of pyrolysis. The daughter spectrum of m/z 184 (Ta- 
ble 2) shows the isobutyl cation at m/z 57 and the 
protonated monomer at m/z 128 as major fragments. 
The formation of m/z 128 from m/z 382 requires that 
there exist a fragmentation pathway of the protonated 
trimer by a ring opening mechanism to yield the 
protonated monomer, an expected process. 

The above discussion demonstrates that carbon- 
carbon bond cleavages within the alkyl chain make a 

and it is therefore concluded that this ion corresponds 
to the protonated amine [R&H, + HI+. The ammo- 
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ma adduct of the monomer (m/z 187) must be cava- 
lently bound, because its dissociation by HCNO loss 
to yield the protonated alkylamine R,NHg is sug- 
gested by the mass spectrum, confirmed by its daugh- 
ter spectrum, and accounted for by the mechanism 
given in Scheme V. Note that there is ample prece- 
dent for covalent bond formation upon ammonia ad- 
d&ion to multiple bonds, including the formation of 
Schiff bases in the gas phase [41]. 

Further evidence for the production of the neutral 
monomer during pyrolysis of Polymer-11 is found in 
the isobutane DCI mass spectrum. In addition to the 
protonated monomer, the monomer-isobutane adduct 
appears at m /z 226. The MS /MS daughter spectra of 
m / .z 226 (Table S-2) show the butyl cation (m/z 57) as 
the major fragment, along with the protonated 
monomer, m /z 170. 

The fragment ion m/z 158 in the DC1 mass spectra 
of Polymer-III appears to be the protonated isocyanate 
monomer, and its parent spectrum shows the proto- 
nated trimer, m /z 472, and m/z 284 [MH+-114581 as 
its major high-mass precursors. Therefore, a pathway 
in which the trimer fragments to yield the monomer is 
also operative for Polymer-111 just as it is for Polymer-I 
and Polymer-II. Even more of the protonated 
monomer (m/z 158) is present in this case (Table S-3) 
than for the aIkyl-substituted polymers, the ratio of 
protonated monomer to protonated trimer in the CH, 
DC1 mass spectrum being 0.4 for the n-hexyl, 9.0 for 
the nonyl, and 100 for the dioxolane derivative. As 
also noted for the nonyl polymer, the abundance of 
the protonated monomer increases relative to that of 
the protonated trimer as the exothermicity of protona- 
tion increases. This, together with direct evidence 

1 

n/r 472 
m/z 356 

m/z 342 

m/z 300 

b R 

m/z 456 % 
m/z 340 R,-CIH,n 

R, 
m/z 284 H 

Scheme VI 

R’ 

R3 
R,-C&O 

H 

R&H,0 

from the parent and daughter spectra, establishes the 
interconnection of these two ions through fragmenta- 
tion. However, as in the nonyl case, direct production 
of the neutral monomer by pyrolysis is also indicated 
here; the NH, DC1 spectrum shows NH: adducts of 
the two suspected neutral pyrolysates, the trimer (m /z 
489) and the monomer (m/z 175). Consistent with 
this, the major fragment of the protonated trimer, 
m/z 414, shows no ammonia adduct. Note that the 
isobutene adduct of the protonated monomer (m/z 
214) is also present in this polymer. These processes 
involving formation of the protonated monomer and 
its adducts are summarized in Scheme S-II. 

Other Processes far Polymer-III. The parent spectrum 
of the abundant fragment ion m/z 142 (Table S-4) 
indicates the structure shown in Scheme VI. A retro 
Diels-Alder process is proposed involving loss of two 
RNCO groups, a process similar to that suggested for 
monomer formation from the protonated trimer 
(Scheme S-II). This structure is also consistent with its 
daughter spectrum. The fact that the protonated 
monomer (m/z 158) does not lose methane to give 
the ion m/z 142, in analogy with methane loss from 
the protonated trimer, suggests that its charge is lo- 
cated on the isocyanate rather than the dioxolane 
ring. This is consistent with the expected increase in 
proton affinity of the isocyanate over the cyanuric acid 
group. 

The ion m/z 114, which appears in the DE1 mass 
spectra, is probably [Rs - HI+‘. Its formation in rela- 
tively good abundance may be explained, in analogy 
with the formation of the ion m/z 126 from Polymer- 
II, by the stability of the radical that is formed at the fl 
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Scheme VII 

carbon of the Rs group when fragmentation occurs 
through a McLafferty-type rearrangement with reten- 
tion of the charge by the alkene 1421. From the above 
discussion it is clear that post-ionization fragmenta- 
tion of thermally decomposed Polymer-III is quite 
different from the first two polymers because of the 
presence of the dioxolane substituent. 

Copolymers 

Major pyrolysis products and fragmentation pathways. 
Copolymers having two different types of sub- 
stihrents might produce four different trimers upon 
pyrolysis, each of which can lose their alkyl groups as 
alkenes to give protonated cyanuric acid, m/z 130, 
through the fragmentation pathway shown in Scheme 
VII (R4 = 3,7_dimethyloctyl group). 

Pyrolysis mass spectra of Polymer-N and Polymer- 
V display the four protonated trimers at m/z 508, 
466, 424, and 382 (Table 3), and at m/z 550, 536, 522, 
and 508 (Table S-5), respectively. The parent spectra 
of m/z 130 generated from these copolymers show all 
four trimers and the expected alkene loss fragments 
(Figure 4). The isobaric nature of ion m/z 382 in 
Polymer-IV (Scheme VII) is clearly seen by the reac- 
tion intermediate spectrum (Figure Sa), which shows 
the two competitive routes from ion m /z 382 to pro- 
tonated cyanuric acid: loss of two CsH, or loss of 

three C,H, molecules. 

The alkene loss processes for the asymmetrical pro- 
tonated trimer, m/z 424, generated from Polymer-N 
are revealed with startling clarity in the reaction inter- 
mediate spectrum (Figure 5b). This mode of scanning 
removes contributions from all other processes. It is of 
interest that one possible process, the loss of two 
molecules of hexene in sequence (ion m/z 256), is 
observed in very low abundance in this spectrum. 
The preferential loss of the larger alkene, i.e., nonene 
over hexene, can be simply accounted for by the fact 
that the hydrogen bound to a tertiary carbon in the 
nonyl group can be transferred more readily than that 
bonded to a secondary carbon in the n-hexyl group 
through the mechanism proposed in Scheme I. The 
reaction intermediate spectrum for the other asym- 
metrical trimer, m/z 466 (Figure 5c), again shows 
favored loss of the larger alkene. In this spectrum, 
only the large alkene loss fragment ions occur at m/z 
340 and 214 (Scheme VII). This is also confirmed in 
the daughter spectrum of ion m/z 340 (Scheme VII, 
Table 4), which shows a preference of more than 4&l 
for loss of the larger alkene (m /z 214) over the smaller 
(m/z 256). The formation of the same protonated 
trimer of m/z 508 from this copolymer (Polymer-N) 
and from Polymer-II is revealed by the similarity of 
their reaction intermediate spectra (shown for Poly- 
mer-N in Figure 5d), which display the two expected 
intermediates (Scheme VII). 

The reaction intermediate spectra for the four pro- 
tonated trimers generated from Polymer-V reveal the 
fragmentation routes to protonated cyanuric acid as 
shown in Figure 6. As expected, the two symmetrical 
trimers, m/z 508 and 550 (Figure 6a and d, respec- 
tively), show just the two alkene loss intermediate 
ions. The asymmetrical nonyl-didecyl trimer, m/z 536, 
shows three intermediate ions, m/z 410, 3%, and 270 
(Figure 6~). The competitive losses of nonene and 
decene yield the first two ions. Remarkably, the se- 
quence m/z 536 ([M+H]+)+3%+256+130, in 
which the alkenes lost are, in order, decene, decene, 
and nonene, is not observed. The fact that the very 
similar sequences decene, nonene, decene (536 7 396 
+ 270 + 130) and nonene, decene, decene (536 + 410 
+ 270 + 130) are observed can nevertheless be readily 
explained by the fact that nonene but not decene loss 
can occur by transfer of a hydrogen bound to a ter- 
tiary carbon, through the mechanism shown in 
Scheme I. Note that the missing ion m/z 256 does 
occur in the mass spectrum (Table S-51, and its MS/MS 
daughter and parent spectra (Table S-6) show that 
this ion does fragment to yield m/z 130 and that it 
does arise from m/z 536. Corresponding selectivity is 
observed in the reaction intermediate spectrum of the 
other asymmetrical trimer, m /z 522 (Figure 6b). 

The protonated tri( n-hexyl) trimer (m/z 382) is the 
only trimer observed in both the 70-eV and the 15-eV 
DE1 pyrolysis mass spectra of Polymer-VI (Table S-7). 
The protonated singly and doubly Rs(dioxolane 
group)-substituted trirners (m/z 4.42 and 412) are ob- 
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Table 3. Direct pyrolysis mass spectra of Polymer-IV, obtained with different ionization methodsa 

DEI methods DC1 methods 

m/r 70 ev 15ev NH, i-butane CH4 

525 8 _ 

508 1 2 - 7 4 
483 89 _ 45 - 

466 12 11 28 47 34 
452 - - - - 7 
441 100 - - 

424 30 23 60 100 100 
408 - 1 - 9 
399 - - 65 - - 

382 28 20 40 71 71 
381 8 7 - 

366 1 2 - - 4 
362 2 2 _ 1 
340 48 66 - 1 4 
323 3 3 - _ - 
311 2 2 - - - 

298 100 100 2 2 5 
281 3 2 _ _ _ 
254 1 - - _ _ 
256 4 - - - 
242 2 _ _ - - 
228 8 _ _ _ _ 
226 - - 8 _ 
214 13 

-5 
- 

184 - - - - 
183 2 - - - 

170 4 3 30 
154 2 2 
144 5 - 1 - 
130 16 - 2 - - 

128 - - 6 81 
126 11 3 20 
113 11 3 - 13 3 

‘Isotopic peaks and ions less than 1% in relative abundance are not reported. 
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Figure 4. MS/MS parent spectrum of m/t 130 from Polymer-IV and Polymer-V. 
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served only in low abundance in the 15-eV DE1 spec- 
trum, and the protonated tri-&-substituted trimer 
(m /z 472) is not observed in any DE1 spectra. This is 
not surprising, because the protonated trimer ex- 
pected for Polymer-III was not observed in its DE1 
spectra either. The ions at m/z 456, 426, and 396, 
which are formally either the methyl radical loss prod- 
ucts from the molecular ion or the products of methane 

30 200 300 400 50d 

m/z 
A 

m/z 
C 

Figure 5. MS3 reaction interme- 
300 400 500 diate of spectra the protonated 

m/z 
trimers at (a) m/z 382, (b) m/z 
424, (c) m jz 466. and id) m /z 508. 

D from Polymer-Iv 

loss from the protonated trimers m/z 472, 442, and 
412, respectively, are observed in both DE1 spectra. 
However, formation during pyrolysis of all four intact 
protonated trimers and two different monomers (m /z 
128 and 158) is evident from the methane and isobu- 
tane DC1 spectra (Table S-7), which display these ions 
at high abundance. Daughter spectra of each of these 
ions (Table S-8) are consistent with the fact that they 

300 

m/z 
D 

Figure 6. MS3 reaction interme- 

diate spectra of the protonated 
trimem at (a) m/z 508, (b) m/t 
522, (c) m/z 536, and (d) m/z 550, 

from Polymer-V. 
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Table 4. MS/MS soectn of the maior ions of Polvmer-IV” 

Daughter ions m/z Parent ions m/z 

Selected ion m/z (% relative abundance1 (% relative abundance) 

525b 
506 

483b 
466 

441b 

424 

39gb 

382 

340 

298 

508(100). 382191). 266(16), 13Ofl31 
484(1 I, 382(50), 256(72). 170(18). 

14416). 130~100~. 851401. 71(151 
466(94), 34OUOO1, 2141671. 130181) 
340(75). 214(1001. 17018). 1301851. 

85(30), 71122) 
424(61). 340(6), 315(l). 298(1001. 

214(29), 130(4) 
340~15). 298(100). 256(2), 2141661. 

170(3), 130(88), 851321, 71(12) 
382(100), 315(l), 2981951, 214146). 

130(13) 
298(46), 25616). 2141421. 130(1001, 

128(23), 87131, 65(811, 71(10), 
57151, 43(7) 

256111, 214143). 130(100), 85(19), 
71113). 5717). 43(31 

214(201. 13OflOO), 87(8), S5(6), 
5911). 5717). 43114) 

256 21414). 172(5), 130(100~. 87(191. 
85(6), 71(17), 70121, 57(10). 43(37) 

228 

226 

214 

144(100), 101141, 87(111, 70(2), 
57(42), 43(32) 

170[7), 85(12), 71(25), 67(100), 
43(100). 41141, 29(21 

130~1001. 87(38), 85(5), 7015). 
59(31, 571141. 43(98) 

184 

170 

142(l). 128(4), 851311, 57(100), 
43(61), 41{9). 29(3), 2712) 

127111), 87(15), 8519). 71(75), 
58(73), 55(98), 431100) 

144c 87(10), 7015). 59(92), 57(31. 43(100) 

13oc 87(4), 70(61, 43(100) 

126’ 

None observed 

525(100)b 
None observed 

483(100jb 

None observed 

441(100)b 

None observed 
466(19). 508(100), 

466(1 OO), 424(8) 

424llOO), 408(2). 
382[37) 

5081391. 492122). 
479(5), 466(56), 
4241401, 382(1001, 
340172) 

382(100), 36WlO). 
31 I(851 

None observed 
466(401, 4241100). 

382(301. 3401391, 
298(41) 

None observed 
508(30), 466(271. 

442(3), 424(100). 
382(191, 34013). 
338(22), 310(5) 

508(6), 46614). 424151. 
396(53), 382(g), 
354(401, 312(1001. 
298(6), 282(11), 
270(19). 228(98L 
214(E), 186(16) 

508(31. 4661201, 
424(31 I, 382(30), 
340(671. 298(1OO), 
256(2), 214(6) 

466135). 424120). 
382(55), 324(100), 
170(59) 

sConditions: lsoburane DCI (unless otherwise noted), 20-eV collisions on Argon (2 
mtorr). 

bAmmonia DCI is used. 
‘70.eV DEI is used. 

represent the four intact protonated trimers, where similar to those observed for the ions having the same 
loss of acetone produces the more abundant fragment mass-to-charge ratio from Polymer-I (Table 2). There- 
ions from the dioxolane-substituted protonated fore, these ions have the structures descriid in 
trimers, m/z 414, 384, and 354, respectively. The Schemes I and III. The ion m/z 101 observed for 
akene elimination sequence ending at m/z 130 Polymer-III (Scheme II) is also present in high relative 
(Scheme VII) is also observed. Daughter spectra of abundance in the DE1 mass spectrum of this copoly- 
ions m/z 382, 298, 256, 214, 158, 144, and 130 are mer. 
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Carbon-Carbon bond cleavages. The occurrence of these 
processes is observed in the mass and MS/MS spectra 
of Polymer-IV and Polymer-V. The 70-eV DE1 spec- 
trum for Polymer-TV displays three expected ol-clea- 
vage ions, tn /z 311, 228, and 144. The parent spec- 
trum of ion m/z 144, the N-methyl homologue of 
m/z 130, displays all four protonated trimers, along 
with all the N-methylated precursors, m/z 3%, 354, 
312, 270, and 228. The o-cleavage is clearly shown for 
Polymer-V by the presence in the mass and MS/MS 
spectra (Tables S-5 and S-4) of the N-methyl cyclic 
terminal ions, m/z 144 and 158, and their precursors, 
ions m Jx 270, 284, 298, 396, 410, and 424 (Scheme 
VIII). The preferential o-cleavage in R, over R, is 
expected from the fact that R, has a methyl group at 
the B-carbon, as discussed for Polymer-II, and is evl- 
dent from the fact that m/z 424, 410, and 396 are not 
displayed in the daughter spectra of the protonated 
trimers m/z 536, 522, and 508, respectively. These 
fragmentations would involve a-cleavage in R, and 
loss of pentene. This process is observed only to a 
small extent and is exemplified by the presence of the 
protonated tri-R,-substituted trimer (m/z 508) in the 
parent spectrum of m / 2 144. 

It is interesting to note that the R2 e-cleavage 
products are observed In the DE1 mass spectra of 
Polymer-V (m/z 492, 478, and 464), but the corre- 
sponding R, product (m/z 506) is missing. This pro- 
cess for R, would involve loss of the same stable 
isopropyl radical as for Rz but would occur via a 
seven- rather than a six-membered intermediate, 

That ions m Jz 270, 396, and 410 from Polymer-V 
each consist of two isobars, one originating by cx 
C-C cleavage and the other by the alkene loss se- 
quence (Scheme VII), is confirmed by their daughter 
spectra, which display the two expected cyclic termi- 

m,i 5x) 

nal ions, m/z 144 and 130. In the same way, the 
occurrence of two isobaric forms of the ion m/z 284, 
one having one methyl substituent and the other 
having two, is evident in its daughter spectrum, which 
displays both the mono- (m /z 144) and the diieth- 
ylated (m/z 158) cyclic ions. Furthermore, the occur- 
rence of two isobaric forms of the ion m /z 298, one 
due to the double a C-C cleavage product (Scheme 
VIII) and the other to the /3 C-C cleavage product 
from m/z 508 (Scheme IV), is evident in its MS/MS 
daughter spectrum. The daughter spectrum of this 
ion displays both the cyclic dimethylated ion m/z 158 
and the daughter ions expected from the @-cleavage, 
ions m /z 172 and 130. 

Charge-remote fragmentation. This process is seen to a 
very small extent in the DE1 mass spectra of Polymer- 
IV and Polymer-V. Polymer-IV displays only ion m /z 
408, which can be formed by this process. Ions m/z 
492, 478, and 464 for Polymer-V, which have been 
assigned as e-cleavage products, can also be gener- 
ated from the protonated trimer by charge-remote 
fragmentation. 

Protonated monomers. The ions m/z 184 and 226 in 
the isobutane spectrum for Polymer-IV are the isobu- 
tane adducts of the monomers discussed in connec- 
tion with Polymer-I and Polymer-II, respectively. The 
ion m/z 170 has the same daughter spectrum as that 
observed for the ion of the same mass generated from 
PolymerJ (Table S-2), which indicates that m/z 170 
is the protonated monomer of 2,6-dimethylheptyliso- 
cyanate. 

The MS /MS data for m Jz 184 (R,NCOH+) and 
m/z 170 (RzNCOH+) observed in the DC1 mass spec- 
tra of Polymer-V (Table S5) suggest that they are the 
protonated monomers. Their parent spectra display 
the intact trimers as precursors. Formation of 
monomers during pyrolysis is also evident from the 
generation of isobutene adducts of the monomers, 
observed at m/z 226 and 240, during isobutane DC1 
(Table S-5). 

The isobutene adducts of the monomers discussed 
earlier in the cases of Polymer-I and Polymer-III are 
also present for Polymer-VT at m/z 184 and 214 fol- 
lowing isobutane DC1 (Table S-7). The ion m/z 214 
observed during 70-eV DE1 is isobaric with the ion 
m/z 214 observed during isobutane DCI, which is 
clear from the MS/MS spectra shown in Table S-8. 

Other processes. As seen in other cases, the ammonia 
DC1 mass spectrum of Polymer-VI (Table S-7) also 
shows direct evidence for the generation of the neu- 
tral trimer molecules in the form of the ammonia 
adducts, m/z 489 (472 + 17), m/z 459 (442 + 17, 
m/z 429 (412 + 17), and m/z 399 (382 + 17). The 
ammonia adduct of one monomer is also observed at 
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m/z 175 (158 + 17), as well as ammonia adducts of 
the fragment ions m /z 426 (m /z 443) and m/z 3% 
(m/z 413). These two latter adducts appear to be 
formed by loss of 46 (from the trimers m/z 472 and 
442, respectively). This reaction was not encountered 
in the homopolymers and is therefore ascribed to 
combined loss of 16 and 30 u due to fragmentation 
involving participation of both the R, and R, chains. 
The ion m/z 473, which is the ammonia adduct of 
m /z 456, was also observed although in low abun- 
dance. These low-abundance ammonia adducts of 
fragment ions are significant, since they may indicate 
a covalently bound ammonium adduct of the trimer, 
although they could also be formed from the frag- 
ments themselves in the ion source. This result also 
contrasts with that observed for the homodioxolane 
polymer (Polymer-III) where fragmentation of the am- 
monia trimer adduct led overwhelmingly to loss of 
ammonia. 

The MS/MS daughter spectra of m/z 312 for Poly- 
mer-Vl (Table S-8) indicate the existence of two iso- 
bars: the first produced from m/z 426 by the loss of 
nonene and from m /z 3% by the loss of hexene, and 
the second derived from the protonated n-hexyliso- 
cyanate trimer (m /z 382) by P-cleavage, as shown in 
Scheme IX. The MS/MS data on the ion m fz 270 
(Table S-8) is best interpreted by assigning three dif- 
ferent cyclic structures for this ion formed by the 
fragmentation pathways shown in Scheme X. 

The parent spectrum of m f z 354 shows only m /z 
412 as its precursor, and its daughter spectrum shows 
m/z 298 as the most abundant fragment, as well as 
other fragments at m/t 270, 214, 186, and 130. It is 
therefore evident from the MS/MS data that this ion 
(m/z 354) is formed from m/z 412 by loss of acetone 

and that it fragments to m/z 130 by the routes sug- 
gested in Scheme XI. 

Distribution of Monomers 

It is of interest to test the capabilities of mass spec- 
trometry to determine the distribution of monomers 
in a copolymer. In the case of the polyalkyliso- 
cyanates, NMR methods are available although they 
require relatively large amounts of sample [36, 371. In 
the case of a random distribution of monomers, the 
probabilities of forming different trimer ions can be 
estimated by simple statistics, considering only the 
monomer ratio used during synthesis of the copoly- 
mer. The theoretical distribution can be calculated by 
the general formula: 

P = mC~nCb/(m+nk~a+~) 

i.e., 
P = [{m!/a!(m - a)!}{n!/b!(n - b)!}]/ 

[(m + .)!/(a + b)!(m + n - a - b)!] 

where 

P = probability of observing a particular trimer, 

m = proportion of the first monomer, 

n = proportion of the second monomer, 

a = number of first monomer groups in the 

trimer, and 
b = number of second monomer groups in the trimer , 

The measured distribution 
using the formula xi), where 

ions. Because shown above 
based on a random distribution 
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agreement between the experimental data and the 
theoretical data would imply a random distribution; 
otherwise the distribution must be nonrandom. 

To use the above approach one must be confident 
that the ion abundances of the protonated trimers 
reflect the relative proportions in which the neutral 
trimers are generated. There are three potential 
sources of error: (1) the relative rates of protonation, 
(2) the occurrence of processes in the neutral or ion 
that might lead to scrambling of the substituents or 
other distortions of the distribution, and (3) differen- 
tial rates of fragmentation, which would have the 
same effect. The rates of protonation are taken to be 
equal, given the similarities expected for proton 
affinities of the various substituted cyanuric acids. To 
test the second point, pyrolysis mass spectra were 

recorded on mixtures of homopolyrners under both 
DE1 and DC1 conditions. Several different mixtures in 
different proportions were examined and the results, 
collected in Table S-9, show that no trimer with mixed 
substituents was formed. This eliminates the occur- 
rence of substituent interchange in the neutral or in 
the ionic state. That the third requirement is not 
completely satisfied is evident from the results pre- 
sented so far. Correction of the mass spectra for the 
effects of different rates of fragmentation could be 
done in principle by summing all ions derived from 
the particular protonated trimer. This is diffrcult be- 
cause the different timers in a mixture give many 
common fragments, in&ding isobaric ions of the 
same nominal mass. This led to the adoption of a 
method in which each substituent was assigned a 
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Scheme XI 

dissociation efficiency, viz., the substituent dissocia- 
tion efficiency, R, = MH+/XF”, which was evalu- 
ated by measuring the extent of dissociation of the 
corresponding protonated homotrimer under stan- 
dard MS/MS conditions. A dissociation efficiency for 
each protonated trimer was then estimated by arith- 
metically averaging the substituent values. The disso- 
ciation efficiency values of the different trimers are 
included in Table 5 as correction factors. Correction 
for dissociation of, the ionized copolymers was per- 
formed by multiplying the relative abundance of each 
trimer by the reciprocal of the correction factor. The 
corrected, probabilities of formation of each of the 
trimers are reported in Table 5, together with the 
uncorrected values for each copolymer. The theoreti- 
cal values, which assume a random distribution, are 
given under the heading “Calculated probability.” 
Because of extensive dissociation at high energy, the 
corrected protonated trimer abundance was least reli- 
able with the 70-eV DE1 data; therefore only the 15-eV 
data are recorded. 

The 15-eV DE1 data for Polymer-IV and Polymer-V 
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agree well with the theoretical values expected for a 
random distribution of the monomers. This is in 
agreement with NMR results, which are not readily 
applied to copolymers in which the alkyl side chains 
are homologous [36,37]. Variations could arise due to 
the implicit assumption that the interactions between 
the substituents have negligible kinetic effects, both in 
the formation of the neutral trimers from the polymer 
and in the dissociation of the ion. In Polymer-IV one 
would expect isobaric interference for the trimer m/z 
382 (discussed earlier) to give an erroneous result in 
the calculation of the monomer distribution. As we 
see in Table 5, the experimental results agree well 
with the calculated results, which proves that the 
isobaric interference for m /z 382 is negligible under 
low-energy ionization conditions and that the major- 
ity of the m/z 382 ions are the protonated tri( n- 
hexyl)isocyanate trimer. Another reason for the negli- 
gible isobaric effect is that the copolymer contains 
approximately two n-hexyl groups for every 2,6-di- 
methylheptyl group, and the rate of fragmentation of 
the trimers m/z 508 + 382 and m jz 382 + 298 is 
much slower in the copolymer than in the homopoly- 
mers (evident from the abundance ratio of 382/508 at 
15-eV DE1 in Tables S-l and 3, of 298/382 at 15-eV DE1 
in Tables 1 and 3). 

Polymer-V was chosen to further test the validity 
of the methodology by examining slightly different 
side chains. The nonyl and decyl groups in these 
copolymers are expected to behave nearly identically. 
Excellent agreement between experimental and calcu- 
lated values for this monomer conhrms these expecta- 
tions. 

The experimental data for Polymer-VI do not ht 
well with a random distribution model. There could 
be several reasons for this, most being related to the 
unusual ion chemistry of the dioxolane side chain, 
which makes ions derived from this compound ex- 
tremely reactive by routes not available to the other 
polymers and for which the simple correction used 
may be a poor approximation. Note that the 15-eV 
DE1 spectra of Polymer-VI (Table S-7) do not show 
the protonated homotrimer m/z 472, and the proto- 

Table 5. Distribution of monomers in the copolymers, based on 15-eV DE1 data 

Probability (experimentall 

Copolymer Trimer (m/z1 Calculated probability Correction factor 

Polymer-IV 362 0.2456 12.60 
424 0.4469 18.41 
466 0.2595 24.22 
508 0.0481 30.03 

Polymer-V 362 0.6786 12.60 
396 0.2841 10.40 
426 0.0359 8.20 
456 0.0014 6.00 

Polymer-VI 508 0.1212 30.03 
522 0.3766 31.02 
536 0.3788 32.01 
550 0.1212 33.00 

Corrected Uncorrected 

0.2530 
0.4252 
0.2675 
0.0543 
0.6675 
0.2755 
0.0483 
0.0088 
0.1163 
0.3604 
0.3874 
0.1358 

0.3584 

0.4122 
0.1971 
0.0323 
0.6102 
0.3051 
0.0678 
0.0169 
0.1212 
0.3664 
0.3817 
0.1298 
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nated trimers m/z 442 and 412 are not abundant. 
Therefore, in the calculation of the substituent dissoci- 
ation efficiency we had to use m /z 456, 426, and 396, 
formed by loss of methyl radical from the radical 
cations m/z 471, 441, and 411, which are not ob- 
served in the mass spectra because of their instability. 
Such an approximation clearly adds to the error in the 
method. 

elude complete title of article, names of authors, issue 
date, and page numbers. The supplementary material 
consists of Figure S-l, Tables S-l through S-9, and 
Schemes S-I and S-II. 
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group, both results being explained by preferential 
transfer of hydrogen bound to a tertiary carbon as 
opposed to a secondary carbon; (6) the protonated 
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