ARTICLES

Endgroup-Assisted Siloxane
Bond Cleavage in the Gas Phase

Huiping Chen
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Unimolecular dissociation of H,N(CH,);SiOSi(CH,);NH3 generates SiCsH;,NO* and
SiCsH,,N™. The formation of SiCsH;,NO™ involves dissociation of a Si—-O bond and formation
of an O-H bond through rearrangement. The fragmentation mechanism was investigated
utilizing ab initio calculations and Fourier transform ion cyclotron resonance (FTICR) mass
spectrometry in combination with hydrogen/deuterium (H/D) exchange reactions. Sustained
off-resonance irradiation collision-induced dissociation (SORI-CID) studies of the fully deu-
terated ion D,N(CH,);Si0Si(CH,);NDj provided convincing evidence for a backbiting mech-
anism which involves hydrogen transfer from the terminal amine group to the oxygen to form
a silanol-containing species. Theoretical calculations indicated decomposition of
H,N(CH,);SiOSi(CH,);NH; through a backbiting mechanism is the lowest energy decompo-
sition channel, compared with other alternative routes. Two mechanisms were proposed for
the fragmentation process which leads to the siloxane bond cleavage and the SORI-CID results
of partially deuterated precursor ions suggest both mechanisms should be operative. Rear-
rangement to yield a silanol-containing product ion requires end groups possessing a labile
hydrogen atom. Decomposition of disiloxane ions with end groups lacking labile hydrogen

atoms yielded product ions from direct bond cleavages.

(J Am Soc Mass Spectrom 2003, 14,

1039-1048) © 2003 American Society for Mass Spectrometry

rganosilicon compounds have numerous appli-
Ocations in a variety of different industries due to

their unique chemical and physical properties
[1-3]. For example, small organosilanes such as
(CH;);SiH are used in chemical vapor deposition (CVD)
processes for semiconductor applications [4, 5]. Silicone
fluids with different viscosities are often found in
personal care products [6]. Silsesquioxane resins with
desirable electrical, optical, and mechanical properties
have been widely applied as electrically insulating
coatings or protective coatings against heat or abrasion
[7, 8].

Characterization of silicon-containing species by
mass spectrometry has been practiced for many years.
Gas chromatography mass spectrometry (GC-MS) is
applicable for relatively small and volatile organosili-
con compounds [9]. Field desorption (FD) mass spec-
trometry has proved useful for polysiloxane analysis
[9]. Recent development of soft ionization techniques
such as matrix-assisted laser desorption/ionization
(MALDI) [10-12] and electrospray ionization (ESI) [13,
14] make mass spectrometry an even more valuable

Published online July 21, 2003

Address reprint requests to Dr. H. Chen, Analytical Sciences Department,
Dow Corning Corporation, 2200 W. Salzburg Road, Mail Stop CO41D1,
Midland, MI 48686, USA. E-mail: huiping.chen@dowcorning.com

© 2003 American Society for Mass Spectrometry. Published by Elsevier Inc.

1044-0305/03/%$30.00
doi:10.1016/51044-0305(03)00400-8

analytical tool enabling better fundamental understand-
ing of organosilicon chemistry [15-20].

Silicone materials with reactive organic functional
groups are often important intermediates for synthesiz-
ing new compounds. Characterization of these materi-
als by mass spectrometry, even with soft ionization
techniques, can be very challenging due to decomposi-
tion of activated molecular ions. The presence of het-
eroatoms within organic ligands covalently bonded to
silicon can have significant effects upon the fragmenta-
tion pattern. Fundamental understanding of the gas-
phase behavior of these silicon-containing species helps
reduce the complexity of mass spectral data for these
complex samples.

Maziarz et al. reported a detailed study of an a,w-
bis(3-aminopropyl) polydimethysiloxane (AP-PDMS)
polymer using electrospray ionization Fourier trans-
form ion cyclotron resonance mass spectrometry (ESI-
FTICR MS) [21]. A minor series of ions corresponding to
hydroxy terminated polymers were observed and a
hydrogen exchange fragmentation mechanism was pro-
posed (Scheme 1). Shortly after, Maziarz et al. reported
another study of an o,w-bis(4-hydroxybutyl) polydi-
methysiloxane (HB-PDMS) and oligomers end capped
with one hydroxy end group were also observed [22]. A
different mechanism (backbiting mechanism) was pro-
posed for the latter case, in contrast to the mechanism
proposed for the former case. We recently analyzed an
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Scheme 1. Proposed hydrogen exchange fragmentation mecha-
nism for AP-PDMS polymer [21].

a,w-bis(3-carboxypropyl) polydimethysiloxane (CP-
PDMS) polymer by electrospray ionization mass spec-
trometry (ESI-MS). When collisionally activated, the
CP-PDMS ions fragmented via a rearrangement process
to yield hydroxy terminated products (i.e., silanol-
containing species). Silanol-containing species were
also observed in the MS/MS experiments of an «,w-
bis(3-hydroxypropyl) polydimethysiloxane (HP-PDMS)
polymer as well as for an AP-PDMS. The tandem mass
spectrometric results indicate that there is a systematic
formation of silanol-containing species for the siloxane
polymers being investigated. One common feature of
these polymers is that they all have labile hydrogen
atoms present on the end groups. As a comparison,
PDMS polymers having terminal groups lacking labile
hydrogen atoms (such as -CH,CH,CH,CN) were found
to fragment through a direct cleavage process. These
observations suggest that the labile hydrogen atoms on
the end group may play an important role in the
dissociation of the siloxane bond. Furthermore, an in-
tramolecular backbiting mechanism (Scheme 2), rather
than the mechanism shown in Scheme 1, may be
operative for AP-PDMS.

The origin of the hydrogen atom within the silanol
group (Si-OH) fundamentally differentiates the two
different mechanisms shown in Schemes 1 and 2. For a
better understanding of the fragmentation process, 1,3-
bis(3-aminopropyl) tetramethyldisiloxane,
H,N(CH,);Me,SiOSiMe,(CH,);NH, (I), was chosen as a
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Scheme 2. Proposed backbiting fragmentation mechanism for
AP-PDMS polymer.
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model system for the mechanistic study. The [M + H]*
ion, H,N(CH,);Me,SiOSiMe,(CH,);NH; (II), was stud-
ied using FTICR MS in combination with isotopic
labeling experiments. Hydrogen/deuterium (H/D) ex-
change reactions combined with tandem mass spectro-
metry have long been used for the determination of
structures and reaction mechanisms of gas-phase ions
[23-25]. Despite the increasing popularity of gas-phase
and in-source H/D exchange approaches, it was deter-
mined that a solution-phase H/D exchange experiment
was well suited for the present study. Specifically, when
Structure II is fully deuterated as
D,N(CH,);Me,SiOSiMe,(CH,);ND3; (II-Ds), and the
mechanism depicted in Scheme 1 is operative, the
fragment ion should contain a Si-OH group. If a back-
biting mechanism is operative, a Si-OD group is ex-
pected. The unimolecular fragmentation of Structure II
was also studied by ab initio calculations. The energetic
requirements for different fragmentation pathways dic-
tated by different mechanisms were compared using
the computational data. These data combined with
experimental results will be discussed in greater detail.

Experimental
Materials

The organosiloxane materials (1,3-bis(3-aminopropyl)
tetramethyldisiloxane, 1,3-bis(3-hydroxypropyl) tetra-
methyldisiloxane, and 1,3-bis(3-carboxypropyl) tetra-
methyldisiloxane) were purchased from Gelest Inc.
(Tullytown, PA) and used without further purification.
Two other organosiloxane materials, 1,3-bis(3-cyano-
propyl) tetramethyldisiloxane and 1-(3-cyanopropyl)-3-
(3-aminopropyl) tetramethyldisiloxane, are present as
impurities in 1,3-bis(3-carboxypropyl) tetramethyldisi-
loxane. The organic solvents used for sample prepara-
tion were obtained from Fisher Scientific (Fair Lawn,
NJ). All deuterated reagents were purchased from Iso-
tec, Inc. (Miamisburg, OH).

Mass Spectrometry

ESI-FTICR MS analyses were performed on a Bruker
(Billerica, MA) Apex II instrument equipped with a
4.7-T superconducting magnet and an external Ana-
lytica ESI source (Branford, CT). A Cole-Parmer (Ver-
non Hills, IL) series 74900 syringe pump was used to
continuously infuse samples into the ESI source at a
flow rate of 0.3 mL h™'. The external electrospray ion
source was operated with a 45° off-axis sprayer. High
purity (99.995%) nitrogen gas was used as both nebu-
lizing gas at ambient temperature and as a drying gas at
105°C. An electrostatic potential of ca. —4.7 kV (relative
to the grounded needle) was applied to the metal-
capped glass capillary in the positive-ion mode. Ions
were accumulated in a hexapole ion guide, adjacent to
the external ESI source, and were subsequently injected
into the INFINITY cell using the patented Sidekick
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Figure 1. SORI-CID spectrum of II at m/z 249.

method. Data acquired in the broadband mode were
typically collected using 128 k data points.

Sustained off-resonance irradiation (SORI) [26] ex-
periments were performed for the collision-induced
dissociation (CID) studies. The off-resonance excitation
was applied for 250 ms at 1000 Hz above the cyclotron
resonance frequency for the ion of interest. High purity
argon gas was pulsed into the ICR cell and a 3 s delay
was used following the SORI-CID event.

CID spectra of 1,3-bis(3-cyanopropyl) tetramethyl-
disiloxane and 1-(3-cyanopropyl)-3-(3-aminopropyl)
tetramethyldisiloxane were collected using a PE Sciex
API 350 triple quadrupole (Thornhill, Ontario, Canada)
mass spectrometer equipped with an ion spray source.
High purity nitrogen was used as the collision gas for

the CID experiments. The collision energy for both
samples was set to 20 eV and the signal was averaged
over 10 or 20 scans.

Sample solutions for ESI analysis were prepared by
dissolving ca. 1 uL into 5 mL of a 1:1 mixture of
CHCl;/MeOH. Solution phase H/D exchange was
achieved by dissolving 1 uL of the disiloxane sample in
5 mL of a 1:1:1 mixture of CDCl,;/MeOD/D,0O for 6 h
prior to the ESI analyses.

Computational

Ab initio calculations were performed using the Gauss-
ian 98 program suite [27]. Geometry optimizations were
performed at the Hartree-Fock (HF) self-consistent-field
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Table 1. Computational data for various species related to the
unimolecular dissociation of II*

Energy at

HF/6-311G Dissociation Reaction
Species level reaction energy
| —1156.182343 =1+ Vi 10.0
Il —1156.367628 -1l + Vlla 68.5
] —616.286534 Il — 1l + Viib 67.9
v —540.343894 N—Iv+Vv 36.6
Vv —615.965409 IV—>VI+H™ 174.9
Vi —540.065216 M-V +H' 201.5
Vila —539.971970 -1V + H,0 —28.7
Vilb —539.972948
H,0 —75.988336

2Absolute energies in Hartree and reaction energies in kcal/mol. The
absolute energies have been corrected for ZPE.
PReaction energy equal to proton affinity of the neutral molecule.

(SCF) level of theory using the 6-311G basis set and
frequency calculations were also conducted at the same
level. All stationary points were characterized as min-
ima or first-order transition structures by evaluating the
frequencies and normal modes by using analytical first
derivatives and the computed force constant matrix.
Energies reported in the text are corrected for zero point
energies (ZPE).

Results and Discussion

1,3-Bis(3-aminopropyl) tetramethyldisiloxane (I) was
analyzed by ESI-FTICR MS and a typical SORI-CID
spectrum of the M + H]" ion,
H,N(CH,);Me,SiOSiMe,(CH,);NH; (II, m/z 249), is
shown in Figure 1. Only three fragment ions were
observed and the exact mass measurements allow un-
ambiguous assignments of the empirical formula of
these species. The ion at m/z 74.04173 corresponds to
SiC,HgN . Its formation likely involves extensive bond
cleavages and rearrangements, and is not the focus of
attention here. The other two fragment ions, m/z
134.09850 and 116.08817, correspond to SiCsH;(NO™
and SiCsH,,N 7, respectively. The mass difference be-

J Am Soc Mass Spectrom 2003, 14, 1039-1048

tween these two species (18.01033) corresponds to a
water molecule. The formation of these ions is likely
due to the two competitive fragmentation Pathways A
and B, as described in Scheme 3. The SiCsH;{NO™ ion
was generated with a loss of SiCsH; 3N via fragmenta-
tion Pathway A. For the SiCsH;,N™ ion, there are two
possibilities. It may result from the competitive frag-
mentation Pathway B, as well as from further fragmen-
tation of SiCsH;(NO™ via a water loss. A double reso-
nance experiment was carried out in which SORI-CID
of II was performed with continuous ejection of the
SiCsH;(,NO™ ion, and the results eliminated the latter
possibility.

The most likely structure for the SiCsH;,NO™ empir-
ical formula is Structure III. The formation of this
silanol-containing species involved dissociation of a
5i-O bond and formation of an O-H bond. Depending
upon the fragmentation mechanism, the structure of the
leaving neutral molecule, SiCsH; 3N, could be signifi-
cantly different. If the backbiting mechanism is opera-
tive, the cyclic Structure VI should be most likely.
Otherwise, Structure VIIa is likely formed if the hydro-
gen atom of the silanol group originates from the
methyl group on silicon atom via the mechanism de-
scribed in Scheme 1. VIIb is an isomeric structure of
VIIa. Its formation requires that the hydrogen atom
originate from the secondary carbon that is adjacent to
the silicon atom. Experimentally, SORI-CID of II to
form III was found to be a facile process of which little
energy was required to induce the dissociation. How-
ever, for a more quantitative measure, it is worthwhile
to compare the energy requirements for the three frag-
mentation channels: (1) IT — III + VI; (2) IT — III +
VIla; and (3) II — III + VIIb.

The geometries of various species under investiga-
tion were optimized at Hartree-Fock (HF) level using
the 6-311G basis set, and a single point calculation was
performed using the optimized structure to obtain the
energy for individual species. Zero point energy (ZPE)
was corrected from the total energy and all results are
summarized in Table 1.
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Figure 2. ESI FTICR mass spectrum of II resulting from solution-phase H/D exchange reactions.
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We now take a close look at the energies of the three
isomers VI, VIIa, and VIIb. Clearly, the cyclic species
VI is 58.5 and 57.9 kcal/mol more stable than VIIa and
VIIb, respectively. Consequently, of the three fragmen-
tation channels associated with Pathway A, IT — III +
VI is the lowest energy-demanding process. It only
requires 10 kcal/mol, compared to 68.5 and 67.9 kcal/
mol for I — III + VIIa and II — III + VIIb, respec-
tively. Energetically, the mechanism shown in Scheme 1
is highly unfavorable.

Fragmentation Pathway B yielded SiCsH,;5NO loss to
generate SiCsH ,N*. A cyclic Structure IV is preferred
for SiCsH,N* due to the following considerations.
First, further decomposition of SiCsH;(NO™ (III) could
generate SiC;H;,N* through an H,O loss. A cyclic
product ion is likely formed since the active sites include
a silanol group and an amine end group. Second, II — III
+ VI is the most likely decomposition channel of II if
based solely upon energy requirements. If cyclic Structure
VI is preferred for formation of SiCsH; 3N in Pathway A,
cyclic Structure IV is the most likely structure for
SiCsH 4N for competitive Pathway B. Consequently, the
calculated energy requirement for II — IV + V is 36.6
kcal /mol, 26.6 kcal /mol higher than that required for II —
III + VI. Obviously, the energy difference between Path-
ways A and B corresponds to the proton affinity (PA)
difference between Structures VI and V. The calculated
PA of V is 201.5 kcal/mol, 26.6 kcal/mol higher than
that of VI (174.9 kcal/mol) [28]. As mentioned previ-
ously, further decomposition of SiCsH;(NO™ to gener-
ate SiCsH;,N™ through H,O loss (Il — IV + H,0) is a
process that is 28.7 kcal/mol exothermic.

Further evidence for the fragmentation mechanism of
IT was obtained through a designed H/D exchange exper-
iment. H/D exchange reactions are often used in conjunc-
tion with MS techniques to probe the gas-phase structures
for the ions of interest, and to study their fragmentation
mechanisms. H/D exchange reactions generally involve
labile protons associated with functional groups such as
—OH, —SH, —COOH, and —NH,. The H/D exchange
reactions can be conducted in solution prior to MS analy-
sis or in the gas phase using a fully deuterated reagent
such as D,O or NDj. In this case, a solution-phase H/D
exchange experiment was conducted to shed some light
on the fragmentation mechanism of II and the origin of
the hydrogen atom present in the silanol group of III.
To achieve this, a sample containing H,N(CH,);
Me,SiOSiMe,(CH,);NH, was first dissolved in a mix-
ture of CDCl;, MeOD, and D,O for six hours before the
sample solution was electrosprayed into the ESI source.
As shown in Figure 2, exchanges of up to five labile
hydrogen atoms were observed for II. The fact that the
exchange did not go to completion was attributed to the
use of aged D,O with significant H,O content. Figure 3
illustrates the SORI-CID spectra obtained for partially
and fully deuterated II. The relative peak intensities for
the product ions are summarized in Table 2.

We first consider a fully deuterated precursor ion,
II-D; (m/z 254). According to Scheme 4, two product
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Figure 3. SORI-CID spectra of the deuterium-labeled ion at (a)
m/z 250 (D;), (b) m/z 251 (D,), (c) m/z 252 (D5), (d) m/z 254 (D,), and
(e) m/z 255 (Ds). The subscripts of the labeled peaks denote the
number of incorporated deuterium or '°C isotopes for the selected
species.

ions, m/z 138 and m/z 118, are expected from the
backbiting mechanism. If the hydrogen atom were
transferred from the methyl group on the silicon atom,
the m/z 137 ion and the m/z 119 ion should be observed.
Shown in Figure 3 is the SORI-CID mass spectrum of
II-Ds (m/z 254) which contains predominantly the m/z
118 ion (88.8%) and the m/z 138 ion (86.4%), thus
supporting the backbiting mechanism.

Based upon the small percentage (4.2%) of the m/z
119 ion, it appears that we cannot completely exclude
the mechanism described in Scheme 1. However, due to
the presence of partially deuterated species, the precur-
sor ion at m/z 254 should include II (D5) as well as the
isotopes of other species such as II (D,, '°C). Therefore,
the m/z 119 ion is very likely due to VI (D5, '*C) and an
accurate mass measurement (m/z 119.10501) confirmed
this assignment. Theoretical m/z values for VI (D,, **C)
and VIIa (D) are 119.10540 and 119.10833, respectively.
These data further exclude the mechanism that involves
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Table 2. Relative intensity for the fragment ions of deuterium-labeled II

Fragment lon Distribution (%)

Precursor ion

(m/z) m/z 116 m/z 117 m/z 118 m/z 119 m/z 134 m/z 135 m/z 136 m/z 137 m/z 138
250 57.9 42.1 - - 19.5 80.5 - - -
(60) (40) (20) (80)
251 27.9 57.9 14.2 - - 42.3 57.7 - -
(30) (60) (10) (40) (60)
252 10.8 56.6 32.6 - - - 56.3 43.7 -
(10) (60) (30) (60) (40)
253 - 39.7 60.3 - - - - 81.6 18.4
(40) (60) (80) (20)
254 - 7.0 88.8 4.2 - - - 13.6 86.4
(100) (100)

Note: The numbers in parenthesis are the theoretical percentages predicted according to Mechanisms A and B.

the transfer of a hydrogen atom from the methyl group
on the silicon. The low intensities observed for the m/z
117 and 137 ions in Figure 3e are very likely due to
partially deuterated precursor ions as well.

We have demonstrated by means of an H/D ex-
change experiment and SORI-CID experiments that
amine end groups play an important role in the forma-
tion of silanol-containing species from the decomposi-
tion of Structure II. In other words, the backbiting
mechanism is solely responsible for the dissociation of
siloxane bond. However, “backbiting mechanism” is
probably too general a term to provide any specific
information about the fragmentation processes. For
precursor ion II, the neutral amine and the protonated
amine is a Lewis base and a Bronsted acid, respectively.
We believe that they can both initiate the siloxane bond
dissociation and generate different product ions.

Scheme 5 illustrates Mechanism A that describes an
intramolecular nucleophilic substitution reaction. The
reaction may proceed through a four-centered interme-
diate, stabilized by hydrogen bonding between the
oxygen in the Si-O bond and the amine hydrogen.
Compared to a C-O bond, the oxygen in Si-O is richer
in electron density, which makes it a more favorable site
for hydrogen bonding. This type of mechanism has
been proposed previously to explain stereochemical
retention of certain nucleophilic substitution reactions
[3, 29, 30]. The four-centered intermediate requires that
the functional end group possesses a labile hydrogen

backbiting

H transfer
from amine
—
CHy  CH
H.
2 2
DN C Si—O—Si C ND.
2 \C/ \C/ i |I\C/ \C/ |
H, H, CH, CH, H, H,
II-Dy, m/z 254 L >
H transfer
from methyl

atom needed for stabilizing the intermediate through
hydrogen bonding and for subsequent hydrogen trans-
fer to the oxygen at a later stage. Decomposition of II
via Mechanism A yields III at m/z 134.

In contrast, Mechanism B shown in Scheme 6 de-
scribes an acid-initiated intramolecular reaction. In the
condensed phase, Bronsted acids are frequently used as
acidic catalysts to initiate ring-opening polymerization
reactions of silicones. In this case, the protonated amine,
a Bronsted acid, should be able to catalyze the siloxane
bond cleavage as well. Initial proton transfer to the
oxygen generates an oxonium ion. Subsequent nucleo-
philic attack of the silicon by the amine nitrogen yields
the product ion IV at m/z 116.

If IIT and IV were generated, as we propose, via
Mechanisms A and B respectively, SORI-CID results of the
partially deuterated analogues of II should provide us
further insights into the decomposition process. Figure 3
includes the SORI-CID spectra of all partially deuterated
II and the relative intensities for their product ions are
summarized in Table 2. Take a precursor ion, II-D, (m/z
250), as an example. The probability ratio of H,N(CH,),5Si
(CHS,),0Si(CH,;),(CH,);sNH,D" and HDN(CHS,);Si(CH,),
OSi(CH,),(CH,);NHj3 is 3:2, based upon statistical consid-
erations. Following Mechanisms A and B, decomposition
of H,N(CH,);Si(CHj;),0Si(CH;),(CH,);NH,D" yields
100% of the m/z 135 ion, and 1/3 of the m/z 116 ion, 2/3
of the m/z 117 ion. Similarly, decomposition of HDN
(CHS,)3Si(CH;),0Si(CH;),(CH,);NH;  yields 50% the

CH, HC, s
[ N
1
DO—Si c NDg+ e
|\c/ \c/ N + H,C \ND2+
cH, R, \
C—c
H, H,
11-D,, m/z 138 VI-D, m/z 118
CH,
" H,c\
2
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m/z 134 ion, 50% of the m/z 135 ion, and 100% the m/z 116
ion. Considering the statistic distribution of isomeric pre-
cursor ions, the theoretical percentages of the m/z 116 ion
and the m/z 117 ion are 60% and 40%, respectively. The
predicted percentages for the m/z 134 ion and the m/z 135
ion are 20% and 80%, respectively. The actual isotopic
distributions of the fragment ions of II-D; are very con-
sistent with the theoretical predictions. This is also the case
for other partially deuterated precursor ions, as indicated
in Table 2. These results suggest that fragmentation of II
proceeds through two competitive pathways following
the two mechanisms we have discussed. Overall, forma-
tion of silanol-containing species requires that the pre-
cursor ion have labile hydrogens within the end groups.
To test this hypothesis, four disiloxane molecules
shown in Scheme 7 were studied by either SORI-CID or
conventional CID. These include 1,3-bis(hydroxypropyl)-
tetramethyldisiloxane (VIII), 1,3-bis(carboxypropyl)-tetra-
methyldisiloxane (IX), 1,3-bis(cyanopropyl)-tetramethyld-
isiloxane (X), and 1-(cyanopropyl)-3-(aminepropyl)-
tetramethyldisiloxane (XI). IX and XI were analyzed in the
negative-ion mode using their corresponding [M — H]~

ions. VIII and X were analyzed in the positive-ion mode
using their [M + H]" and [M + NH,] " ions, respectively.
Such a selection created a number of different scenarios.
There are two labile hydrogen atoms in VIII, one on each
end group. For the [M — H]™ ion of IX, only one labile
hydrogen remains. No labile hydrogen atom is available
for [X + NH,]" (excluding NH}) and [XI — H] .
SORI-CID of the [M + H]" ion of VIII yielded
fragment ions at m/z 117 and 135, as shown in Figure 4
and the fragmentation pathway therein. The protona-
tion site for Structure VIII is tentatively assigned to the
terminal hydroxy group and it is very likely that there
is a competitive protonation at the oxygen in the siloxane
bond. Although the PA of Structure VIII with a protona-
tion site at the oxygen at the Si—O bond is not available, the
value for the disiloxane H;SiOSiH; should serve as a good
estimation. The PA for H;SiOSiH,; was estimated at 185.3
kcal/mol [31]. The PA of an n-propanol (C;H,OH) is
about 190.9 kcal/mol [32]. The small PA difference for the
two potential protonation sites suggests that the [M + H]*
ion for Structure VIII likely contains isomeric ions which
may result in additional fragmentation pathways. How-

\ N
H‘N/ CH,
CH, CH, cH, ) /
N D A N\
HQN\C/C\C/Si 0 II\C/ \C/ 3 H2N\ /C\C/Si_—o\-/ S|)\
¢ CH
H, H, CH, CH, H, H, H, H, &H, eH, 5
11, m/z 249
CH,
H,C 5
CH, N /
o A
HO SII\C/ ~ + 2\ /NH2
H, H, Cc—-cC
CH, "]
v IV, m/z 116

Scheme 6
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CH, CH, CH, H,
HO 22 Si—0—Si gz H  HOOC gz Si—O0—Si c COOH
\C/ \C/ l |I\c/ \C/O \C/ \C/ i |I\C/ \C/
H, R Gn, &, e H, it Ho Gn, en, He i
VIII, MW 250 IX, MW 306
H, CH, H, H,
H H NC e Si—O0—Si c COOH
2 | . 2 i——O—Si
NC\C/C\C/Si o Sl\C/C\C/CN \3/ \ﬁ/ | l\ﬁ/ \S/
H, H, CH, CH, H, H, 2 CH, CH, 2
X, MW 268 XI, MW 287
Scheme 7

ever, detailed investigations of these processes is beyond
the scope of current investigation. SORI-CID for the [M —
H]™ ion of Structure IX exclusively yielded a fragment ion
at m/z 161, a silanol-containing species (Figure 5). It is
important to note that silanol-containing product ions
were observed in both cases where there are labile hydro-
gens present within the end groups.

The CID spectrum for the [M + NH,]" ion of X and
the [M — HJ ion of XI are shown in Figures 6 and 7,
respectively. As was discussed previously, no labile hy-
drogen atoms are available for the two precursor ions.
Therefore, it is expected that the gas-phase rearrangement
processes observed for Structures I, VIII, and IX with
labile hydrogen atoms is no longer feasible. Indeed, the
predominant fragment ions observed for Structures X and
XI are the ions at m/z 126 and 142, respectively, both due
to direct cleavage of the precursor ion. The CID experi-
ments were conducted at 20 eV which is the lowest

collision energy setting dictated by the instrument. Since
the SORI-CID spectra for the [M + NH,]" ion of Structure
Xand the [M — H] ™ ion of Structure XI were not obtained,
one may argue about the absence of silanol-containing
species based upon the fact that direct bond cleavages,
rather than rearrangements, is often the preferred pro-
cess during CID. However, in our best judgment, the
complete absence of the silanol-containing product ion
has nothing to do with the competition of direct bond
cleavage and rearrangement. The rearrangement pro-
cess via the backbiting mechanism involving labile
hydrogens on the end groups is simply not a viable
option for molecules such as X and XI.

Conclusions

PDMS polymers with reactive functional end groups
such as propylamine, propylhydroxy, and propylcar-

a.i. ] CH, CH, H,
1400000+ | | Be on A He

] HO_ /C\C/Si—o—s|l\ OOt HO—SI\C/C\C/OHZ+

4 H, H, H, H H

j CH, CH, CH, 2 2
12000007 VIIL, m/z 251 m/z 135

] H.C CH

1 117.07213 N C

] . N
1000000 "] /O“*

] c—cC

T H, H,
800000 m/z 117
600000
400000

i * 135.08242
200000

B
137 m/z

Figure 4. SORI-CID spectrum of the [M + H]" ion of VIII (m/z 251). The minor peaks are due to

electronic noise (asterisk).
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CH, CH,
a.i. A H, [ [ H, CH,
-00C c Si—0—si c COOH H
o \c/| [ > TN HO—Si___ /cz\ _coo-
H, H, CH CH H, | Cc c
7000000+ . O LR
3
IX, m/z 305
6000000 e el
HSC\ /CH,
50000001 o TN
| /L
161.06196 M Ao
4000000+ H,
3000000
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305.11971
1000000 H
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Figure 5. SORI-CID spectrum of the [M — H]™ ion of IX (m/z 305).

boxy were found to undergo facile fragmentation reac-
tions in the gas phase to generate silanol-containing
species. In this study, 1,3-bis(propylamine)-tetrameth-
yldisiloxane (I) was selected as a model system for the
mechanistic study. The unimolecular fragmentation of its
protonated ion, II, was explored by tandem mass spectro-
metry using ESI-FTICR MS coupled with an H/D ex-
change experiment, as well as theoretical calculations.
SORI-CID of Structure II presumably yields a silanol-
containing product ion and a cyclic product ion. Based
upon the experimental results and theoretical calculations,
we conclude that a backbiting mechanism that involves
the labile hydrogen atoms on the end group is operative.
From an energetics stand point, a previously reported
mechanism involving hydrogen transfer from the methyl
group on silicon [21] is highly unfavorable. In the current

126.1

CH
3
NG & /
i
> \C/C\C/S\
her H H CHy
- 2 2
0]
§
9 m/z 126
o
o
[9)
>
A
i)
(]
—
Q
4
269.2
253.0Jl 286.3
A L A L
60 100 140 180 220 260 300
m/z

Figure 6. CID spectrum of the [M + NH,]" ion of X (m/z 286).

study, two mechanisms were proposed to explain the
siloxane bond cleavage and formation of the two product
ions. Generation of silanol-containing species requires that
the end groups have labile hydrogen atoms. For disilox-
ane molecules with end groups lacking labile hydrogen
atoms (such as —CN), direct bond cleavages instead of
rearrangements were observed. Overall, fundamental un-
derstanding of the gas-phase behavior of these polymer
ions helps reduce the complexity of the mass spectral data
interpretation. In some cases, certain ions may be artifacts
due to the gas-phase fragmentation processes, thus apply-
ing softer ionization conditions should help reduce or
even eliminate these artifacts. In other cases, certain ions
could be due to real impurities in the analyte and de-
signed derivatization experiments should help confirm
their structures [21, 22].

1421
CH,
H, I°
NC Si—o~
B o N
ot H, H, CH,
0!
§
) nvz 142
o
H
o
>
-
Es]
(V)
—~
(0]
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Figure 7. CID spectrum of the [M — H] ™ ion of XI (m/z 286).
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