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First-principles studies of the potential energy profiles for dissociation of poly[(R, S)-3-hydroxybutanoic
acid] [PHB,-H]~ anions by proton rearrangement and direct fragmentation, as well as subsequent statisti-
cal RRKM analysis, indicate that fragmentation should proceed mainly through successive loss of a single
86 Da neutral unit (propene + CO, ). This theoretically predicted fragmentation mechanism is inconsistent
with that proposed in the literature based on experiments, which suggests that proton rearrangements
Keywords: are the only active .fragmen.tation channels in ;ID of [PHEH-H]*. We have Fombined experimental ESI-
D ’ MS/MS fragmentation studies of [PHB,-H]~ with first-principles explorations of the potential energy
DFT surfaces, and molecular dynamics simulations of CID and thermal fragmentation events to understand this
discordance. Both proton rearrangement and direct fragmentation channels are considered. The results
reveal that the fragmentations observed at low collision energy favor the direct fragmentation channel
and are more closely modeled as a thermal fragmentation process. By contrast, fragmentations observed
at higher collision energy favor the indirect fragmentation channels and are more closely modeled as a
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fast CID process.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Biodegradable polymers, including both naturally occurring
biopolymers and synthetic mimics, form a group of polymeric
materials of emerging importance. Polyhydroxyalkanoates (PHAs)
belong to one of the most important and dynamically develop-
ing family of biopolymers [1-6]. Within this family more than
150 different monomers can be combined to give materials
with an extremely wide range of properties [4]. High molecu-
lar weight natural poly[(R, S)-3-hydroxybutanoic acid] (PHB), is
wide-spread in biological systems. It is produced by certain bac-
teria as a means of storing energy and carbon [5]. Synthetic
analogues of natural PHB, obtained by ring-opening polymeriza-
tion, posses various tacticities mimicking those found in nature
[7,8].

Being biodegradable and biocompatible, thermoplastics of PHB
have attracted industrial attention as environmentally degradable
materials for a wide range of packaging, agricultural, marine and
medical applications. Therefore, knowledge of the molecular struc-
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ture of natural PHB as well as of its synthetic analogues is of great
importance.

Mass spectrometry techniques enable gathering information
on synthetic polymers complementary to that obtained by other
techniques, e.g. gel permeation chromatography, light scattering,
nuclear magnetic resonance spectroscopy and infrared spec-
troscopy. Matrix-assisted laser desorption/ionization (MALDI) and
electrospray ionization (ESI) have been found to be the most con-
venient ionization techniques for the mass spectrometric analysis
of polymers [9-12]. Due to the separation of the peaks correspond-
ing to polyester chains of different lengths, the structures of the
end groups and repeating units may be inferred from the fragment
masses [9-19]. Additional insight into the structure of an individual
polyester chain can be achieved with multistage mass spectrome-
try (MS™), where the molecular ion of interest is separated from all
other ions formed during ionization and induced to dissociate into
fragments that can be used to decipher the chemical structure of the
polyester end groups as well as the arrangements of co-monomer
structural units along the copolyester chain. Sequencing data for
individual macromolecular ions can be achieved by means of mass
spectrometric fragmentation techniques such as collision induced
dissociation (CID) and postsource decay (PSD). MS" experiments
may be performed in either positive or negative ion mode depend-
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ing on the specific ionization technique used [9-26]. Cations are
formed by complexation of the species studied with a positive ion
such as (e.g., Na*, K*), whereas anion formation is based on proton
removal, thus the ion studied differs in core chemical composition
from neutral precursor species [9,10].

In addition to sequencing and structural information, mass
spectrometry studies can provide insight into the mechanism of
fragmentation. Previous fragmentation studies of individual molec-
ular ions of such polyesters as: poly-3-hydroxybutyrate [14,15],
poly[hydroxybutyrate-co-hydroxyvalerate] [13,17],  poly(2-
butyl-2ethyl-1,3-propylenephtalate) [20], poly(dipropoxylated
bisphenol-A/adipicacid)[21], poly(2-methyl-3-hydroxyoctanoate)
[16], poly[(R,S)-3-hydroxybutyrate-co-hydroxyhexanoate] [19],
adipic acid/terephthalic acid/neopentyl glycol copolyesters [21,22],
poly[butylene adipate] [23], poly[(R,S)-3-hydroxybutyrate-
co-L-lactide) [24], poly(3-hydroxy-4-alkokxybutyrate) [25],
and (R,S)-3-hydroxybutyrate/(R,S)-3-hydroxy-4-ethoxybutyrate
copolyester [26] revealed that hydrogen rearrangement is typically
present in the mechanism of fragmentation for those polyesters
that dissociate by ester bond cleavage. More precisely, from the
structures assigned, the end groups formed and the product ions
present in MS" spectra of the positive and negative ions selected
from the polyesters studied, a 3-hydrogen-transfer mechanism has
been proposed [13,14,16,17,19,15,20-26]. The CH, (methylene)
groups in PHB units exhibit increased acidity because they are
activated by the proximity of a carbonyl group thereby permitting
B-hydrogen rearrangement. The rearranged hydrogen becomes
attached to the carbonyl oxygen of the adjacent monomer unit.
Consequently the hydrogen rearrangement leads to the selective
cleavage at the —O-CH- linkage between the two monomer units
in the macromolecule.

Valuable supplementary information about the mechanism of
fragmentation can be provided by theoretical analysis through
calculation of the dissociation rate constants based on quantum
chemical studies of the potential energy surface, vibrational anal-
ysis and dynamical simulations of fragmentation events [27-33].
Application of computational quantum chemistry is mainly lim-
ited by the size of the species studied. In MS" experiments one
deals with the bond breaking and forming processes. Such pro-
cesses are commonly studied with the density functional theory
(DFT) [34-37,40-42] [38,39] which accounts for a degree of corre-
lation among the electrons.

Here we report that first-principles DFT exploration of the
ground state potential energy surface of [PHB,-H]~ identifies an
alternative fragmentation channel to the hydrogen-rearrangement
mechanism described above. Moreover, our calculations suggests
that this alternative channel, a direct fragmentation pathway, is
the energetically favored one. According to the statistical RRKM
theory, this should be the main dissociation mechanism. By con-
trast, the MS™ experiments give evidence that another mechanism,
which leads to appearance of larger fragments, is the dominant
one. To understand this discordance, we have carried out molecu-
lar dynamics (MD) simulations of dissociation events. From these
dynamical simulations it can be concluded that the fragmentations
observed at low collision energy favor the direct fragmentation
channel and are more closely modeled as a thermal fragmentation
process. By contrast, fragmentations observed at higher collision
energy favor the indirect fragmentation channels and are more
closely modeled as a fast CID process.

Previous preliminary studies [43] employing density functional
theory dealt only with geometry optimization of the transition state
(TS) for an indirect fragmentation process, namely that for proton
transfer from the methylene group of [PHB,-H]|~. Because dynami-
cal simulations based on DFT are computationally intractable given
the size of these oligomeric species, an important ancillary goal of
this paper is identification of appropriate theoretical models that

are less computationally expensive, but which lead to a qualita-
tively acceptable description of the processes investigated here.
Application of semi-empirical methods to the description of dis-
sociation processes requires extra care because such methods can
fail in the description of bond breaking and forming processes. For
instance, recently in Ref. [44] the failure of commonly used semi-
empirical methods to correctly describe acid dissociation has been
discussed. Therefore, in this work the usefulness and accuracy of
the semi-empirical AM1 [45] method is tested by comparison with
the density functional theory (DFT) studies of fragmentation mech-
anisms. With knowledge of the limits of accuracy based on this
comparison, we report the molecular dynamic studies of collision-
induced and thermal dissociation processes at the semi-empirical
AM1 level of theory.

2. Experimental details

Electrospray mass spectrometry analysis (ESI-MS") of poly(R,
S)-3-hydroxybutyrate, which contains crotonate and carboxyl end
groups, was performed using a Finnigan LCQ ion trap mass spec-
trometer (Finnigan, San Jose, CA, USA). Samples of the polyester
were dissolved in methanol and the solutions introduced to the ESI
source by continuous infusion at a rate of 3 wL/min using the instru-
ment syringe pump. The LCQ ESI source was operated at 4.5 kV and
the capillary heater set to 200°C. Nitrogen was used as the neb-
ulizing gas. For ESI-MS/MS experiments, the ions of interest were
isolated monoisotopically in the ion trap and collisionally activated.
The helium damping gas present in the mass analyzer served also
as the collision gas. The RF amplitude was set to a value that caused
the peak height of the precursor ion to decrease by at least 50%. The
analysis was performed in negative ion mode.

To obtain some insight into the collision energy dependence of
the fragmentation, experiments were also carried out in which frag-
ment ion abundances were measured as function of RF amplitude.
In the presentation of these cases, energy is reported in percent,
where 100% corresponds to 5V peak-to-peak RF excitation voltage.

3. Computational methodology and details

In the present investigation, several theoretical tools have been
applied to study the fragmentation of PHB anions in the series of
[PHB],~ oligomers up to pentamers. These studies include: first-
principles (DFT) explorations of the potential energy surfaces (PES)
for selected species, RRKM calculations of dissociation rates for acti-
vated precursor ions, and MD simulations of thermal dissociation
and CID based on the AM1 potential energy surface.

Exploration of the potential energy surfaces was performed by
carrying out geometry optimization at several points, including;
the reactants, products and transition states for fragmentation. Fol-
lowing optimization, stationary points were confirmed with local
curvature checks, i.e. by confirming the presence of the correct
number of positive real eigenvalues of the Hessian matrix. Transi-
tion state optimizations were also followed-up by intrinsic reaction
coordinate analysis in both directions to verify that TS found con-
nects the appropriate reactant and product under consideration.
The DFT calculations were performed with the popular B3LYP
[46] functional. For the dimer [PHB],~, calculations were carried
out using the 6-311G(p,d) basis set [47-52]. Stationary points for
larger PHB species were determined using the 6-31G(d,p) [47-53]
basis set, but an otherwise identical procedure. (Note that initially,
for the dimer, we used the unrestricted HF scheme, seeing it as
more suitable to model bond-breaking and -forming processes.
During the course of the investigations it was observed that the
DFT/RB3LYP/6-311(d,p) level of theory leads to results identical
to DFT/UB3LYP/6-311(d,p) for [PHB,-H]~, so the spin-restricted
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Table A1

Comparison of energies (in kcal/mol) at stationary points for the direct and indirect fragmentation processes of the dimer and tetramer anions at semi-empirical AM1 and

DFT/B3LYP theory levels.

AM1 DFT
Dimer Tetramer Dimer Tetramer
Direct process
Reactant 0 0 0 0
TS 37 35 18 17
Product (two neutral molecules) 13 9.2 -5.8 -5.1
Indirect process
Reactant 0 0 0 0
TS 56 54 51 39
Product (one molecule) 8.1 5.5 7.6 7.6

scheme was used for the higher oligomers.) These studies of the
ground-state potential energy surfaces were performed using the
Gaussian 03 computer program [54].

Dissociation rate constants were calculated according to the sta-
tistical Rice-Ramsperger—Kassel-Marcus quasiequilibrium theory
(RRKM/QET) using the direct count method as reported by Baer and
Mayer [27].

In our MD simulations of CID we impact a single gas molecule
with one immobile [PHB4-H]~ anion. The interaction potential for
these MD simulations was taken to be that predicted by semi-
empirical calculations with the AM1 parameterization [45]. In the
experimental work, helium served as the collision gas, but since
we lack semiempirical parameters for noble gases, for these simu-
lations we have used the N, molecule with its principal axis aligned
with the velocity vector to model the collision gas. In all cases the
velocity vector of the collision gas molecule was targeted at the cen-
ter of mass of [PHB4-H]~. The speed of the N, molecule was taken as
a parameter in the simulations and ranged from 70 to 200 A/ps. The
time step was set to 0.001 ps, simulation time to 1 ps and the SCF
convergence criteria was chosen as 0.0001. An ensemble of colli-
sion orientations was generated by rotating the target ion and using
different conformations of the PHB tetramer anion. The molecular
dynamics studies of CID were performed using HyperChem [55].

Knowing that semi-empirical methods frequently fail in
description of bond breaking and forming processes, [44] we have
examined the applicability of the semi-empirical AM1 method for
the description of [PHB,,-H]~ fragmentation. To do so, we compare
the predictions of AM1 for barrier heights, bonds strengths and
vibrational frequencies to predictions of the same with DFT calcu-
lations. Results of these comparisons are presented in the Appendix
A and can be summarized as follows: All AM1 results are in qualita-
tive accordance with the corresponding results of DFT calculations.
Specifically, AM1 predicts the same relative ordering of the heights
of barriers to fragmentation as computations at the higher theory
level, but significant quantitative differences in the barrier height
are present. A comparison of bond strengths and vibrational fre-
quencies similarly confirms the qualitative reliability of AM1 for
bond dissociation and the shape of the potential energy surface
in the vicinity of minima, respectively. (See Table A1l.) Based on
these comparisons, we judge the semi-empirical AM1 method to
be qualitatively acceptable for ranking fragmentation processes by
energetic preference.

4. Results and discussion
4.1. Structure of the precursor ion

We start our studies with analysis of the initial ionization pro-
cess in order to determine the probable molecular structure of
[PHB,-H]~. For this purpose we have compared heights of the
energy barriers to deprotonation for isomers of [PHB;], as calcu-
lated with DFT for dimers and tetramers. As expected, the most

easily removable proton is that in the COOH moiety at the car-
boxylic end. The only other stable deprotonated structures that
were identified resulted from the removal of a proton from the
monomer unit at the opposite end of the molecule from the car-
boxylic acid group. In the dimer(tetramer) the energy cost of
removing a proton from the -CH3 group of this terminal monomer
is 15.3(15.7) kcal/mole greater than that of removing the carboxylic
proton. For both species, the energy cost of removing the methine
proton is even greater. Based on these results, in the following we
will limit ourselves to consider only carboxylate (R-COO~) starting
structures.

4.2. Dimer fragmentation

Having determined the most probable molecular structures of
the [PHB,-H|~ precursor anions we proceed with a detailed anal-
ysis of the fragmentation pathways of the dimer anion [PHB,-H|~
(m/z=171). The experimental MS/MS fragmentation spectrum for
[PHB,-H]~ is presented in Fig. 1a [43].

The dimer fragmentation spectrum consists of two signals; m/z
171 and 85, consistent with the precursor [PHB,-H]~ ion and a
fragment formed by the loss of a neutral molecule of 86 Da. Four
possible dissociation pathways consistent with the observed frag-
mentation pattern are readily identified and these are depicted
schematically in Scheme 1(a-d).

The first path, (1a) consists of direct cleavage of both the 03-C3
bond (marked “A” in Scheme 1) and the terminal CO,, (by breaking
the bond marked “D” in Scheme 1) but without proton transfer. The
atom numbering is defined in Fig. 2, which also shows the geome-
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SN O |

CH=CH—C =0 =CHCH —c—o}171

0 B—H—C
'\ . /
(1a) —break A CH, (0] i CH, |
and D — [ + 4 + co, }
(Ts1) CH=CH—C—-0 85 CH=CH, Igg
(1b) — break A CHy (0} i CH, (0] ]
transfer C | _ I + | Il r
(T52) CH=CH—C—-0 85 CH=CH—C—OH_86

(1c) — break A
transfer B

CH, o) CH, o |
>—> | [ +47 [T
(1d) - break A CH=CH—C—OH 86 CH=CH—C—-0

transfer E

Scheme 1. Lettered arrows show possible locations of bond cleavage or proton
transfer. Dotted arrows indicate electron rearrangement associated with mecha-
nisms 1c and 1d.
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Fig. 1. ESI-MS/MS fragmentation spectrum (negative ion mode) obtained for selected [PHB,-H]~ precursor ions. Left to right, top to bottom: (a) n=2 dimer, (b) n=3 trimer,
(c)n=4 tetramer, (d) n=>5 pentamer, (e) n=6 hexamer and (f) energy dependence of abundance of m/z=171 & 257 fragment ions for the tetramer. The points are joined with

splines as a visual aid.

try of the dimer optimized at the DFT/UB3LYP/6-311G(d,p) theory
level.

The second process, (1b) is an indirect pathway for fragmenta-
tion considered by (some of) us previously [43]. This second process
involves not only cleavage of the 03-C3 bond in [PHB,-H]~, but also
intra-fragment proton rearrangement, nominally H1 transfer from
C2 to O1 (marked “C” in Scheme 1). Paths 1c and 1d consist of cleav-
age of the 03-C3 bond in [PHB,-H]~ with inter-fragment proton
transfer, through a 4-membered-ring structure (“B” in Scheme 1)
in the case of 1¢, and through a 6-membered-ring structure (“E” in
Scheme 1) in the case of 1d. Path 1d is analogous to a McLafferty
rearrangement.

First-principles exploration of the PES produced transition state
structures consistent with paths 1aand 1b. No structures consistent
with paths 1c and/or 1d were located. Fig. 3 shows the compu-
tationally predicted transition state geometries for fragmentation
pathways (1a) and (1b).

Fig. 4 presents the potential energy profiles correspond-
ing to minimum energy paths for 1a (through TS1) and 1b

(through TS2), respectively. It is worth noting that direct cleav-
age of the C3-03 bond leads to simultaneous elongation of the
C1-C2 bond (Scheme 1a), while in the indirect fragmentation
process (Scheme 1b) the C3-03 bond length remains almost
unchanged until the proton reaches its position for TS2 (from
Fig. 3; d(C3-03)=2.11A and d(C1-C2)=2.04A at TS1, whereas
d(C3-03)=1.50 A with d(C2-H1)=1.49 A at TS2). This comparison
clearly shows that the direct fragmentation path is energetically
more favorable. Not only is the barrier height for the direct disso-
ciation pathway markedly lower in energy, (c.a. AE; = 18 kcal/mol,
vs. AE; =51 kcal/mol for the indirect pathway) but also the product
energy for this fragmentation channel is lower. This finding sug-
gests that fragmentation of [PHB,-H] anions occurs through the
direct pathway, at least at low collision energies.

Our finding that the direct fragmentation path is energetically
more favorable may seem counterintuitive because there are two
stretched bonds at TS1 and only one at TS2, an observation suggest-
ing that TS1 should be higher in energy. To clarify this apparent
disagreement, we compare relative total energies, calculated for
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CH, o) CH, CH,
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CH ~CHy----C= O CH = CHy--rnsene- O=C=0 CH = CH,
15.9 keal/mol 0.0 kcal/mol 1.5 keal/mol

Scheme 2.

the neutral molecular system C3Hg—CO, (86 Da), at two finite val-
ues of the C1-C2 distance between propene and carbon dioxide
and additionally for infinite separation between them, as depicted
in Scheme 2.

The computed energies were obtained from restrained geom-
etry optimizations performed at the RB3LYP/6-31G(d,p) level for
C1-C2 distances 2.04 A, (corresponding to that at TS1) and 3.44 A,
(corresponding to that of the product for direct fragmentation
channel of [PHB,-H]™). The last, (RHS) molecular configuration
corresponds to infinite C1-C2 separation, for which the displayed
relative energy is the sum of propane and carbon dioxide total ener-
gies. From these calculations it appears that energy the needed
for cleavage of the C1-C2 bond is more than compensated for
by formation of the double bond C2=C3 within propene and by
strengthening of the bonds in the COO group as it relaxes into a car-
bon dioxide molecule, rendering the direct pathway energetically
favored over the indirect one.

O1

Fig. 2. Geometry of [PHB,-H]~ as optimized at the DFT/B3LYP/6-311G(d,p) theory
level.

204A LMA%
21A A 150 A
TSt 82

Fig. 3. Geometries at the transition states: TS1 - direct fragmentation (Scheme 1a)
and TS2-fragmentation with the proton transfer (Scheme 1b) as optimized at the
DFT/B3LYP/6-311G(d,p) theory level. Note the dramatic decrease in the O1-H dis-
tance in TS2 in comparison to the reactant structure in Fig. 2.

The experimental spectrum presented in Fig. 1a. gives little fur-
ther insight into the dimer fragmentation mechanism because,
in this simplest case, the alternative fragmentation pathways
must lead to the same product masses. Therefore, to obtain more
information it is necessary to study fragmentation of larger PHB
oligomers both theoretically and experimentally. Fig. 1b—e shows
the ESI-MS/MS fragmentation spectra of selected anions corre-
sponding to PHB;, oligomers (from 3-mer to 6-mer) terminated by
crotonic and carboxylic end groups. An examination of these spec-
traindicates that the most intense signals present in the ESI-MS/MS
spectra correspond to product anions formed as a result of the loss
of two or three 86 Da HB units from the selected molecular anion,
with one exception, for trimers, which lose single 86 Da unit.

4.3. Trimer fragmentation

In the case of the trimer, cleavage of either of the -O-CH- link-
ages may results in two fragments, with m/z 171 and 85. The
experimental fragmentation pattern for trimers (Fig. 1b) shows
clearly that the lighter fragment always becomes neutral. Analo-
gous to the case for dimers, four possible dissociation pathways
consistent with the experimental fragmentation pattern are readily
identified. These are shown in Scheme 3a-d. Again, the experimen-
tal spectrum does not give insight into which pathway is favored
because all paths lead to product ions of the same mass.

4.4. Tetramer fragmentation

In contrast to the cases of the dimer and trimer, the experimen-
tal fragmentation spectrum of the tetramer does give some insight
into which of the possible fragmentation pathways are physically
operative. The dominant peak in the fragmentation pattern of the
tetramer corresponds to loss of 172 =2 x 86 Da units. This observa-
tion allows us to prune the list of possible fragmentation pathways.
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For the tetramer, there are three ~-O-CH- linkages along the
backbone. This opens up new fragmentation channels not avail-
able to the dimer or trimer. If fragmentation occurs at one of the
two outer -O-CH- linkages, (marked “A” and “C” in Scheme 4) there
are four possible dissociation pathways leading to an 86 Da neutral.
These are shown in Scheme 4a-d and are analogous to those shown
for dimers (Scheme 1a-d) and trimers (Scheme 3a-d). Specifically,
loss of one single unit of mass 86 could result from direct fragmen-
tation with loss of propene +carbon dioxide (4a), or from indirect
fragmentation with either intra-fragment (4b) or inter-fragment
(4c, 4d) hydrogen rearrangement. If the tetramer fragments at the
interior -O-CH- linkage, (marked “B” in Scheme 4) however, two
of the four corresponding dissociation pathways are exceedingly
unlikely because they would lead to a carbon atom with unnatural
valance, (sans some further hydrogen rearrangement, i.e. a statis-
tically improbable double H-transfer). Pathway 4e would require
hydrogen transfer (K) from the pentavalent carbon, (solid circle)
to the trivalent carbon (dashed circle). Pathway 4f would require
hydrogen transfer (L) to the trivalent carbon (dotted circle) from
the adjacent CHs. Only the H-transfer channels 4 g and 4 h appears
to result in fragments that obey the rules of valance.

Further experimental characterization of the tetramer fragmen-
tation shows that the fragmentation spectrum is collision energy
dependent. In Fig. 1f, the relative abundances of m/z=171 and
m/z=257 anions produced in the CID of tetramers are plotted as
a function of RF excitation voltage. (RF is reported as a % of maxi-
mum, where maximum =5V peak-to-peak). While the ions in the
MS trap are in the multiple collision regime and RF voltage does
not equate to collision energy, collision energy should scale with
applied RF voltage so higher RF potential implies more energetic
collisions. The first trace of m/z=257 signals appears at an applied
RF voltage of ~5%. (m/z=257 corresponds to loss of an 86 Da neu-
tral.) With increasing collision energy, m/z=171 anions appear at
~12% and rapidly increase in abundance, exceeding 257 ions at
~15% and heavily dominating at higher energies. (m/z=171 cor-
responds to loss of a neutral of mass 172 Da, which is two 86 Da
monomer units.) For reference, at 11% relative energy the atten-

uation of the precursor ions signal is <0.05 (For visual clarity the
abundance of precursor ions is not displayed in Fig. 1f.).

We supplement these experimental data with theoretical anal-
ysis for the tetramer. First-principles explorations of the PES for the
tetramer reveal transition state structures consistent with paths 4a
(TS3) and 4 h (TS4). Path 4a is a direct fragmentation analogous to
1a for the dimer so TS3 for the tetramer is analogous to TS1 for the
dimer. Path 4h is an indirect one with inter-fragment hydrogen
transfer. In contrast to the case of the dimer, for the tetramer the
TS structure along the indirect path (TS4) includes a 6-membered
ring structure, whereas for the dimer the TS structure along the
indirect path (TS2) contains a 4-membered ring. Interestingly, no
6-membered-ring TS structure was identified for the dimer, even
when the corresponding structure for the tetramer was used as a
template to construct a starting structure for TS searching for the
dimer. While failure to identify such a structure does not guarantee
its absence, this finding does suggest that the dimer and tetramer
TS structures for indirect fragmentation differ sufficiently that one
cannot be used as a model for the other.

The optimized transition state geometries TS3 and TS4 are
presented in Fig. 5. Relative energies for these TS structures, (refer-
enced to the reactant energy) are compared in Table A1, where one
can see that for tetramers the activation energy for the direct frag-
mentation is significantly lower then for an indirect dissociation,
similar to the case of the dimer. Notice also that the activa-
tion energy for direct fragmentation of [PHB,-H]~ (18 kcal/mol)
is almost the same as for [PHB4-H]|~ (17 kcal/mol). This finding
supports the hypothesis that there is a degree of transferability of
the results for small oligomers to higher oligomers when the TS
structures are qualitatively similar.

The theoretical analysis reported here for the dimer and
tetramer reveals that the energetically more favorable fragmenta-
tion pathway is direct loss of an 86 Da neutral molecule as opposed
to fragmentation with proton rearrangement. For a more quan-
titative comparison we have calculated the RRKM reaction rate
constants for these fragmentations. The predicted reaction rate
constants are: 4.5 x 1013 s~ and 6.3 x 106 s~! for direct and indi-
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Fig. 5. Transition state geometries: TS3 - direct fragmentation and TS4 - fragmen-
tation with the proton transfer, as optimized at the DFT/RB3LYP/6-31G(d,p) theory
level. The 6-membered ring structure in TS4 is highlighted with the blue hexagon.
Note the close resemblance of TS3 to TS1 in Fig. 3, while TS4 differs markedly from
TS2.

rect dissociation of the dimer, respectively, and correspondingly
6.1 x 101 s~ 1 and 3.6 x 10#s~! for the tetramer. As for the dimer,
the direct fragmentation pathway is predicted to be dominant, and
this is indeed the case near threshold collision energy, as shown in
Fig. 1f. RRKM appears to break down, however, at higher collision
energies. Similar behavior of RRKM is seen in the CID of CS; [56]. To
analyze this phenomenon, we have performed molecular dynamics
studies of CID processes for [PHB4-H]~ based on a semi-empirical
(AM1) PES.

4.5. MD simulations

4.5.1. Simulations of CID

Molecular dynamics simulations were carried out for both ther-
mal dissociation and CID processes. The MD simulations of CID
exhibit both direct and indirect fragmentation processes. Four dis-
tinct regimes are apparent:

(i) For v<vy, there is no fragmentation. Here v denotes the
velocity of the N, molecule and vy, is a threshold velocity
of ~115A/ps, (which corresponds to ~18 eV c.o.m. collision
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energy) below which there is no fragmentation. Collisions in
this regime may be inelastic in that they may result in some
energy transfer, but no bond break or forming processes were
observed (Video data CID_i.avi).

(ii) For v>wy, up to v=1y, + 20 A/ps, (~18-25eV c.0.m.) some col-
lisions result in the tetramer fragmenting into two dimers
(d1 and d2; d1 with the COO end) with associated inter-
fragment proton transfer. First, the corresponding OC bond
breaks. Next the proton from the methyl group of d1 is trans-
ferred to neighboring O (of COO) in d2, which become neutral.
These processes are akin to path 4h in Scheme 4 (Video
data CID_ii.avi).

(iii) For v=vy, +25A/ps up to v=1y, +55, (~26-39eV c.o.m.) the
same OC bond breaks as at lower collision energies, but
the distance between the two dimers increases so quickly
that intra-fragment proton rearrangement occurring within
d1 appears as a mechanism. In this case d1 is neutral and d2
becomes the anion (Video data CID_iii.avi).

(iv) Forv>wy, +55 A/ps, is as for v> vy, + 25 A/ps, except other mech-
anisms appear. For example, d1 or d2 may fragment further
by direct pathways (by loss of CO, and propane) (Video data
CID_iv.avi).

At all collision velocities investigated in the simulations
reported here, the N, molecule remains intact. No chemical reac-
tion with the collision gas is observed.

The above velocity bounds are approximate and should not be
taken as definite quantities. These bounds were seen to depend
somewhat on the collision orientation, but in general the above
four regimes remain qualitatively unchanged. A central observa-
tion from these simulations is that for moderate kinetic energy,
two fragments appears (d1 and d2) and almost always the proton
from the methyl group of d1 undergoes inter-fragment transfer to
a neighboring O (of COO) in d2.

4.5.2. Simulations of thermal dissociation

The MD simulations of CID appear to be giving results oppo-
site to the DFT explorations of the PES in the following respect:
The DFT studies find that for both the dimer and the tetramer, the
direct channel has a much lower TS barrier than the indirect chan-
nel. In fact, the energy barrier to the direct channel is so much lower
that the indirect channel should not be observed at all at low col-
lision energies. By contrast, in the MD simulations of CID, the first
fragmentation mechanism to appear as the N, velocity is increased
is an indirect one. (Seen in CID_ii.avi). Direct fragmentations only
appear at higher collision velocities. The resolution of this apparent
discrepancy lies in considering the conditions in the ion trap in the
collision experiments.

In the ion trap, the damping/collision gas pressure is sufficiently
high that the ions are in the multiple collision regime [57]. An
ion undergoes 10s to 100s of collisions, each imparting a little
internal energy to the ion, until it finally fragments. This building
up of the internal energy in the ion little-by-little in many suc-
cessive collisions is akin to a heating process. We have therefore
carried out MD simulations of thermal dissociation. An example
trajectory is shown in Thermal.avi, which shows thermal frag-
mentation of the tetramer at 3300K. (The very high temperature
was used to speed up the kinetics so that a dissociation event
could be captured in a video of reasonable length.) (Video data
Thermal.avi).

Unlike the simulations of CID, in thermal dissociation we find
that the first dissociation process to appear with increasing tem-
perature is the direct one.

In summary, the MD simulations of thermal fragmentation
are completely consistent with the DFT explorations of the PES:
The lowest energy fragmentation process is by the direct chan-

nel. This channel leads to the loss of a neutral of mass 86 Da,
which is the first to appear with increasing energy in the energy-
dependent fragmentation experiments, and is the first to appear
upon increasing temperature in the MD simulations of thermal
fragmentation.

In the energy-dependent fragmentation experiments, ions that
most plausibly come from anindirect fragmentation process appear
at higher energies, and rapidly become dominant with further
increase in energy. Since the direct process is energetically favored,
this dominance of the higher-energy indirect process at higher
collision energies shows that the indirect process is statistically
favored. This result is fully consistent with the MD simulations
of CID, which show fragmentation by an indirect process with H-
transfer.

4.6. Pentamer and hexamer fragmentation

For brevity, for the pentamer and hexamer species we do not
provide schemes showing possible direct and indirect fragmenta-
tion paths. We do note, however, that no qualitatively new paths are
expected. The plausible fragmentation pathways are analogous to
those seen for the tetramer: loss of a terminal unit of mass 86 Da by
direct or indirect fragmentation, and loss of two or more monomers
by indirect fragmentation.

Experimental spectra for fragmentation of pentamers and hex-
amers are given in Fig. 1d and e, respectively. A strong signal at
m/z=257, corresponding to loss of 172 =2 x 86 Da, dominates the
pentamer fragmentation spectrum. For the hexamer, the dom-
inant signal is again at m/z=257, where it corresponds to loss
of 258 =3 x 86 Da. From these results, and by comparison to the
tetramer, it is reasonable to surmise that these larger oligomers are
predominantly fragmenting in the trap by an indirect mechanism
involving proton transfer through a six-membered TS that leads to
cleavage of an interior -O-CH- linkage. The lower intensity signals
due to loss of an 86 Da neutral could plausibly arise from either
direct or indirect fragmentation at a terminal -O-CH- linkage.

4.6.1. Conclusions

We have performed first-principles studies of the poten-
tial energy profiles for the fragmentation of poly[(R, S)-3-
hydroxybutanoic acid] [PHB,-H]~ anions (up through tetramers)
by both direct, and proton rearrangement, mechanisms. Subse-
quent statistical RRKM analysis of these processes indicates that
fragmentation should proceed mainly through successive direct
loss of a neutral of 86Da. In contrast, experimental ESI MS/MS
experiments show that [PHB,-H]~ (n>3) dissociate by loss of larger
fragments, suggesting that proton rearrangement dominates the
fragmentation mechanism. This experimental finding is consistent
with reports in the literature, which favor a proton-rearrangement
mechanism. This apparent discordance is resolved with molecular
dynamics simulations based on a semiempirical PES. Analysis of
the results reveals that dissociation at low collision energy is more
closely modeled as a thermal dissociation process. At higher col-
lision energies, the proton rearrangement mechanism is favored,
although direct loss of an 86Da neutral, while not dominant,
remains an active fragmentation channel.
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Fig. A1. Fragmentation paths along the intrinsic reaction coordinates for the direct (solid lines and cycles) and indirect processes (dashed curves and open circles). The
curves are calculated using semi-empirical AM1 theory, while the points are calculated using DFT/B3LYP. The a and b panels present results for the dimer and tetramer of
PHB anions, respectively. The zero of energy is set to the reactant total energy in all cases.

Appendix A.

To test the accuracy of the semi-empirical AM1 method for stud-
ies of PHB™ dissociation, we carried out calculations for the dimers
and tetramers. First, calculated the reaction paths calculated within
the intrinsic reaction path approach (IRC) at the AM1 level of theory
and compared the barrier heights to the single-point DFT calcula-
tions. The results are presented in Fig. Ala and b for the dimer and
tetramer respectively. The results show that while the quantitative
barrier heights are markedly higher at the AM1 level, AM1 produces
the same qualitative ordering of barrier heights as DFT.

Further numerical comparison is given in Table Al. As can be
seen, AM1 significantly overestimates barrier heights relative to
DFT, but it is also important to note that stationary points of the
potential energy surfaces have one to one correspondences and the
PES calculated at AM1 is free of artifacts (i.e. extraneous maxima
and/or minima). Moreover, with AM1 one finds the same qualita-
tively fragmentation scenario as with DFT. Consequently, the RRKM
quasi equilibrium theory with data from either semi-empirical
AMT1 theory or DFT will predict that direct fragmentations (black
color lines) should be dominant. Additionally, in the Table A2. we
have compared other important characteristic quantities: values
of the imaginary frequencies and bond lengths at these transi-
tion states. Based on these data we judge that the semi-empirical
(AM1) approach describes the fragmentation of the poly[(R, S)-
3-hydroxybutanoic acid] (PHB,-H)~ anions qualitatively correctly.
Therefore, we conclude this discussion that this methodology can
be used in simulations of the collision induced dissociation pro-
cesses with the purpose to gain qualitative insights.

Table A2

Comparison of values of characteristic parameters calculated for the dimer and
tetramer anios at the corresponding transition states at semi-empirical AM1 and
DFT/B3LYP theory levels. Frequencies in the units of cm~! and bond distances in
angstroms. (i=,/—1).

AM1 DFT

Dimer Tetramer Dimer Tetramer
Direct
v 4281 4891 2261 200i
C3-03 2.04 2.03 2.11 2.14
C1-C2 2.02 2.00 2.04 2.02
Indirect
v 2097i 1270i 1654i 1298i
0-C 1.48 1.67 144 2.04
H1-C1 1.49 1.54 1.49 1.33
01-H1 133 1.12 1.21 1.29

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ijms.2011.03.001.
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