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APPENDIX A
KEY WORDS IN ROUTE SECTION OF GAUSSIAN03 PROGRAM USED IN

THIS CALCULATION

Geometry optimization
For intermediate structure: -
#P B3LYP/Gen Pseudo=read Opt=diis scf=direct nosymm Freq
For transition state structure: use only one option of 7.S/QST2/QST3
#P B3LYP/Gen Pseudo=read Opt=(TS/QST2/QST3, noeigentest,z-mat,calcfc,
Maxcyc=500) scf=direct nosymm Freq
Frquency Calculation
#P B3LYP/Gen Pseudo=read Freq
IRC Calculation
Forward reaction coordinates:
#P B3LYP/Gen Pseudo=read IRC=(calcfc,forward,stepsize=20,maxpoints
=10)
Reverse reaction coordinate:
#P B3LYP/Gen Pseudo=read IRC=(calcfc,reverse,stepsize=20,maxpoints=10)
NBO calculation

#P B3LYP/Gen Pseudo=read GFInput Pop=NPA



APPENDIX B
THE DETAILS OF GAUSSIAN BASIS SET ORDER FORM USED IN THIS
CALCULATION
Two basis set, LANL2DZ and cc-pVTZ, were used in this calculation as a
function of mixed basis set. We generated the basis set details from the website of

EMSL gaussian basis set order form and added it in the end of input file (below the

structure coordinate).

CHOO D 1 1.00
cc-pVTZ 0.1140290 1.0000000
sk F 1 1.00
Sn 0 0.2846360 1.0000000
S 12 1.00 R
38.4899420 0.0001220
24.2856410 -0.0006380 SN 0
15.3232850 0.0025740 SN-ECP 4 46
9.6683900 -0.0108040 g-ul potential
6.1003740 0.0552060 1
3.8490960 -0.2612420 2 1.000000000 0.000000000
2.4286290 0.7008960 s-ul potential
1.5323690 -0.6044690 2
0.9668650 -0.2359100 2 1.969725000 67.925347000
0.6100540 -0.1507990 2 0.972375000 -7.478546000
0.3849200 0.2148350 p-ul potential
0.0444900 0.0956740 2
S 1 1.00 2 1.999210000 56.602880000
0.1866400 1.0000000 2 0.999042000 -2.161776000
S 1 1.00 d-ul potential
0.0920920 1.0000000 1
P 8 1.00 2 0.500361000 2.576336000
60.2212000 0.0000420 f-ul potential
27.5393180 -0.0002100 1
12.5938050 0.0009210 2 1.230880000 -10.109253000
5.7591810 -0.0056980
2.6336890 0.0451000
1.2043930 -0.1728060
0.5507720 0.0285410
0.0396340 0.2073430
P 1 1.00
0.2244350 1.0000000
P 1 1.00
0.0951810 1.0000000
D 1 1.00
0.2699130 1.0000000



APPENDIX C
PRESENTATIONS IN INTERNATIONAL CONFERENCES

CONCERNED WITH THIS THESIS

1) Theoretical Study of the Ring-Opening Polymerization of &-Caprolactone
Initiated by Novel Tin(Il) Alkoxides” at “The I International Conference on
Computation for Science and Technology (ICCST-I1)”, 4-6 August 2010, Centara
Duangtawan Hotel, Chiang Mai. (Oral presentation)

2) Theoretical Study of Ring-opening Polymerization of e—Caprolactone Initiated
by Tin(II) Methoxide: Mechanism and Kinetics at “Pure and Applied Chemistry
International Conference 2011 (PACCON 2011)”, 5-7 January 2011, Miracle Grand
Hotel, Bangkok. (Oral presentation and Proceeding publication)

3) Theoretical Study of Ring-Opening Polymerization of e—Caprolactone
Initiated by Tin(II) Alkoxides at “International Congress for Innovation in Chemistry
(PERCH-CIC Congress VII)”, 4-7 May 2011, Jomtien Palm Beach Hotel & Resort,

Chonburi, Thailand. (Poster presentation)
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Theoretical Study of the Ring-Opening Polymerization
of s-Caprolactone Initiated by Novel Tin(ll) Alkoxides

Chanchai Sattayanon®, Nawee Kungwan®, Puttinan Meepowpan™® and
Winita Punyodom™®

*Center of Excellence for Innovation in Cheniisiry, Department of Chemistry. Faculty of Science, Chiang
Mai University, Chiang Mai 50200 Thailand (E-mail: naweekung@hotmail com)

Polvmer Research Group. Department of Chemistry. Faculty of Science, Chiang Mai University, Chiang
Mai 50200 Thailand

The ring-opening polymerization (ROP) mechanisms of e-Caprolactone (CL) with novel Tin(il)
alkoxide, Sn(OR); initiators (R = n-CiHs, n-Cyll, n-Cyll) were investigated using density
functional theory (DFT) calculations. The optimized geometries and corresponding energies of
stationary along reaction pathway confirmed a four-step coordination-insertion mechanism. The
coordination of CL onto Tin(Il) metal center led to a nucleophilic addition of the carbonyl group
of CL. followed by an intramolecular alkoxide ligand exchange. A motomer insertion was
completed by the CL ring opening via acyl-oxygen bond cleavage. The formation of the four-
membered ring Tin(ll) transition state was found to be the rate-determining step. Furthermore,
kinetic rate constants for each reaction of CL with Sn(OR}): were calculated using the transition
state theory. The calculated rate constants were in good agreement with available experimental
data. The Sn(OR), intator as R being n-Cally was found 1o give the faster rate due 10 the least
steric hindrance effect and the short ligand compared to other R groups. This study could be
useful to ROP of CL initiated by Tin(1l) alkoxide.

Copyright T 2010 1T8-CMU-IAU Chiang Mai, Thailand - August 4-6, 2010
http://www.icsst2010.fa.itb.ac.id

76 international Conference on Computation for Sclence and Technaogy

Keywords: ring-opening nchomerization, s-caprolacione. novel tinlly alkoxides
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Theoretical Study of Ring-Opening Polymerization of e-Caprolactone
Initiated by Tin(IT) Methoxide: Mechanism and Kinetics
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Abstract:  The ring-opening  polymerization  (ROP)
mechanism of g-caprolactone (CL) with tin(IT) methoxide
initiator, Sn(OMe),. was investigated using quantum
chemical calculation. Geometry optimization  was
calculated using density functional theory (DFT) at
B3LYP level with mived basis set. Our calculation results
support a coordination-insertion mechanism initiated hy
tin(11) methoxide with two transition states prior to the
ROP. The relative encrgies of all investigated stationary
points along the reaction profile were calculated from
potential energy surface. From the energy profile. tin(I1)
methoxide initiator demonstrated exothermic reaction
and the rate determining step was the nucleophilic attack
of the wmethoxide on the carbonvi carbon of the CL
monomer at the first transition state (TS1). The
clectronic and structural information of transition state
structures along the reaction pathway was emploved to
obtain the thermal rate constant using the transition state
theory with TheRATE program.

Introduction

Currently. there has been increasig interest m

materials derived from bio-renewable resources as
environmentally sustainable aiternatves o
petrochemical-derived  products. Among  the  most

prominent examples are polylacuc acid) (PLA) and
poly(e-caprolactone) (PCL)  have been  studicd
mtensively due o thewr  biodegradability.
biocompatibility and permeable properties and have
shown thewr potenual applications w a variety of field
such as biomedical and pharmaceutical industrics as a
resorbable implant  material and a  vehicle  for
controlled drug delivery {1-3]. A convenient synthetic
route to PLA and PCL. s ring-opening pelymenzation
(ROP) of corresponding cvehic ester monomers {14
5]

ROP has been widely stdied and many ctticient
mitiators have been develeped.
ROP cationic. and
coordination-insertion [6]. The coordinaton-inserton
1s the best method due o its advantages such as easy
control of the molecular weight (MW). the fower risk
ot side reactions and the
obtained {7].

The most common catalyst used i coordinanion-
insertion is metal alkoxides. such as tin
trivalent lanthanide.  magnesium,  zine

mechanisim are anionic

higher molecular weight

alumuomum,
dervatves,

Three methods of

group IV metals and iron [8-11]. These etal
alkoxides have been reported to be effective initiators
that initiatc ROP of cyclic esters. Among them, tin
alkoxide is suitable for the ROP catalyst because of its
solubility and ease of handling. In particular. tin(fl) 2-
ethvlhexanoate, commonly known as stannous octoate
(SnOct-), is the most widely used i both scientific
rescarch and industrial production. Tt 1 the catalyst
that has been accepted by the US. Food and Drug
Administration  (FDA) [12]. The polymenzauon
mechanism with this mmtiator is rather complex aird
several mechanisins have been proposed in the past
[13-16] In the polymerization process. SnOct, acts as
an initiator in the presence of an alcohol (ROH)
comitiator before canying to actual mitiating species
So, SnOcts 1s not the true mitiator. For this reason. true
initiators were developed by Winita ez af. [17] and the
new mechanism was also proposed as shown in
Scheme 1. From their experiment. the synthesis was
achieved on several tin(ID) alkoxides minators. These
new imtators can  completely control the ROP
polymerization of CL and give the high MW polyimers
Their kinetic study from dilatometry method at 120 C
of ROP polymerization showed very interesting
vesults. All initiators performed high reactivity and fast
veaction as a first order rate respected to monomer
concentration. However. a clear description of this
ROP mechanism is still ambiguous.

For more understanding of this mechanism, the
theoretical calculations by means of quantum chemical
calculation and transition state theory (TST) [1R] will
be used 0 investigate the reaction mechanism and
reaction rate constant {2, 19-23]. Furthermore, the
calculated rate constant will be compared with
experimental data [18].

Computational Details

Theoretical study by means of quantum chemical

calculation  was used to investigate the ROP
mechanism of CL initated by tn(Il) methoxide,
Sn(OCH ). initiator.  Geometries,  cnergies  and
vibrational  frequencies  of all  stationary points

{(reactant, complex. transition state. intermediate and
product) along with reaction profiles were computed
using the hybrid density functional theory (DFT) at

PACCON2011 (Pure and Applied Chemistry International Conference 2011)



BILYP level {24].  For metl a doublet-Z-
valence quality basis set LANIED27 was assigned for
Sn oatom. A relativistic electron core potential (ECP)
developed Ly Hay and Wadr replaced the Sn core
electron {25, 26]. For non-metal atom, a valence triple
zeta with polarizaton tunction (VTZ2P) at ce-pVTz
was assigned for C. H, and O atoms. This populat and
computationally cheap method predicted reliable
ﬂcomclrma and energetic as reported in previous works
[21. 18] The character of intermediates and transition
states  was confirmed by performing  frequency
caleulations [19, 21]. The energy barrier heights of all
reactions were corrected by including the zero-point
encrgy  corrections  [27)0 All were
pertormed with the Gaussian03 software package | 2%].
The information obtained from quantum chemical
caleulation was emploved o determine the thermal
rate constant of the reaction. The thermal rate constant
at temperature 120 °C usimyg  the
conventional tansition state theory | 1¥] method

atom,

culculavons

calculated
@S

was

implemented i TheRATE program by Lniversity of

Utah's  web-based  kinctics  module  within - the
Computational Science and Engimeering Online suite
{(CSEOuline)  [29] Finally. the  caleulated  vate
constants  will be  compired  with  the  available

experimental data
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Scheme 1. Proposed mechanism for ring-opening polymerization

ol &-caprolactone inttiated by tn(1ly alkoxde

Results and Discussion

The tun(ll) methoxide assisted ROP coordination-

insertion mechanism  for  monomer  of  CL - was
investigated by DFT(R3LYP) with nux basis set

method. The corresponding DFT based  opumized
structures and encrgies of cach step followed Scheme
I are depicted in Figure 1.
CL coordinates the Sn metal (Cumple\) with O in the
cis positon, resulung in a Sn-07 distance of 2058 \
The cnergy of Complex (ormation is -7.03 keal moi”

The wansformation of Complex mto TSI involves
addition of the Sn-O" onto the C'-O7 double bond and
a corresponding rotation of the O -C -O7 plane Y0*
f‘onm'ng a planar Ihur-memh:rcd rng (TS1) having
sp” >p hybridized C" which is located above that 0%
C-0" plane This process lengthens the Sn-07 and

The exo-carbonyl group of

shortens the Sn-O° (Figure 1). This process requires
moderate energy (14.01 keal mol™") and the supported
DET with only one negative imaginary frequency is
confirmed. The nature bond orbital (\'BO‘ ch
along the reaction pathway on Sn and C' shighty
increase and on O also increase but those on O and
O decrease (Figure 2)
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Figure 1 ROP mechanism of CLmtated with Su(OMet)-
Bond lenaths are in A and energies are ir keal mol
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Figure 2. Natural bond orbital charges of severdl atoms
invelved m the reaction intermediates in the polymerization
ot CL inttated by SncOMe),

The conversion of TSI to intm1kdiatd (Inth)
imvolves rotation of CL. ring around the cRor bond
resulting in a decrease and increase in the Sn- 0O’ and
Sn-O' distances respectively (Figure 1). The Sn-0'
distance is about 3.40 A which is not a bond between
but only attractive force between the two atoms. The
energy of Intl formation is -4.73 kcal mol™ above the
Complex. The optimized ransition state 2, TS82,
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shows a four-membered ring with nearly cqual Sn-O’
and Sn-07 distance and a sp” hybridized C' atom with
C-O" €07 and C'-O° bond lengths between 1.2%
and 1.X6 A This step is completely attamed when the
bond of Sn-O created. The TS2 swucture
confirmed by an imaginary frequency and inwinsic
reaction coordination (IRC) calculation indicating that
saddle point along the reaction pathway is exists. This
TS2 eventually ruptures to intermediate2 (Ine2) and
then form Product awith increasing bond length of C'-
Q' Our DFT based calculation gave two transition
state formation steps with the TS1 bemng as the rate-
determining step. Our caleulated results based on
proposed mechanism in Schenie 1ot tin(11) methoxide
with CL is found similar to the proposed ROP
mechanisin of SnMe:OMe with 1,5-dioxepan-2-one
(DXO) reported by von Schenck and co-workers [21]
This may be due to the similarity of coordinate
stability for Su both in tetravalent and divalent torms.
The overall reaction 1s exothermic

The relative cnergics of all investigated stationary
points (Reactant, Complex, TST, Intl, TS2. Int2 and
Product) along the reaction profile for ROP
mechanism of CL imuated by tun(ll) methoxide are
showed 1in Figure 3. From energy profile. the Reactant
energy is assigned o be 0.00 keal mol . The Complex

18 15

energy is lower than the Reactant encergy aboui -7.03
keal mol . For TS1. the barrier height enerey of this
step is 1401 keal mol” and the 1 cnergy 1s 6.UN
kcal mol” above Reactant coeray. Tor  the
intermediaie | (Intl). the enerey is found w0 be 2.24
keal mol™" above the Reactant ener

barrier height of TS2 step 1s 7.78 keal mol" when
compared with Intl From the encrgv profile. the first
transition stiate formation (TST) 15 a rate determining
step of this reaction.

The apparent

Teaction Covrdinate
Frgure 3. Relauve energy profile for ROP mechanism of CL
imtiated by undllj-methoxide. caleulazed at B3LYP method

The thermal rate constant @t 120 “C was caleulated
to be 3574 L mol”" min~ (shown i Table 1) using
information from the quantum caleulaton with TST
mmplemented i TheRATE program. The caleulared
value 1s m a good agreement within a factor of two
compared with experimental data

Table 1 The theoretical and experimental rate coefticient of
un(ll) methoxide mitiator

Rate coeftictent (L mo! min )
T em rature
SnOR 1y “"‘(fje([? aly
Experiment ’ Theory ©
Met 120 71202 3574

- Caleulated by dilatometry's measurement of Winita's group {
"Caleuiated by TheRATE program of university of Utah {29]
Conclusions

The ring-opening polymerization of e-caprolacione
with un(IT) methoxide initiator has been carried out

using density  functional method.  The  reaction
proceeds  via  coordination-insertion  mechanism

initiated by tin(1l) methoxide. The relative energy
protile of tn(Il) methoxide is caleulated and showed
the Figure 3. The overall reaction is exothermic. The
barrier heights are 14.01 kcal mol™ and 7.8 keal mol”!
for TSI and TS2, respectively. The rate-determining
step is the nucleophilic attack (TS1 formation step) of
the tin(IT) methoxide on the exo-ring carbonyl carbon
of e-caprolactone. The rate constant obtained from
I'ST is a factor of two compared with available
experimental data indicating that TST can be further
used to predict the vate constant of other tnill)
alkoxade imtators
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Abstract
The ring-opening polymerization (ROP) mechanisns of e-caprolactore (CL) with tin(th) alkoxide, Sn(OR), initiators (R = #-CH,, #-Cla. £C My n-Cgll s, n-Cglls, n-Cyobly) were
d using density func | theory (DFT) at B3LYP jevel. Owr caiculation results support ceordination-insertion mechanism with twa transition states (TS1, TS2) prior to
completion of ROP via acyl-oxygen bund cleavage. The relative energies along the reaction profile of all initiators demanstrated exothermic reaction and the rate determining step was the
nucleophilic anack of the alkoide o the carbony carbon of the CL at TS, Fur . kinetics rate coastan £ all ROP reactions were ¢ feulated using the ition state
theory with TheRATE program, The caleulated rate 1t were io good widh avsilahle experimental duta, The Sn(OR), initiator as R being n-Cdl; was. found to give the
faster rate ¢ due to the least steric hind etfect and the short ligand compared to othier R groups. ‘ /
/ Introduction @lxs and Discussion
Poly(e-caprolactone) (PCL) has been  studied inensively due W s From figure 4, it indicates that the TS1 energy barrier i rale dewrmining siep of this
biodegradability. 1 bility, and also in biomedical such as drug deltvery. A ROP reaction. And averall reaction of all initiators is cxothermic. The thermal rate
convenient synthetic route to PCL 15 a ring-opening polymerizaton (ROPY of - constants in the range of 100-120 °C (able 1) were calculared in which the higher
proluct cLy vid dination-tnsertion h with metal temperature, the faster rate constants hecomze. Aad the caiculated values are in good
inigator. In pasiicular, tin([I) alkoxides is the most widely use of metal catalyst in agecement wihio a factor of o compared with experimental daia, Especially, $a(On-
coordination-insertion. For this reuson, true initiators were developed by Dumklang C Hig), shows the highest rate constants compared with the other tnitiators. These rawe
et al. and the new mechanism was also proposed as show ju figure ! onstant resulis are also celated to the energy barrier (TS1) of Sn(Cn-CHo), which is the
From their experimental results, - tin{ll) =3 == lowest compared o the other initiatars. So. Sn(On-CH,); gives the highest reaction rete

alkoxides can completely contral the ROP of

= among the other initiators.
CL and gave the high molccular weight

There are two main effects on the initiztors. First, the effect of lang chain on R group

potymers. ’And, d;cir Kinetic stdies showed N - : in Sn(OR), initiators starting from C, (n-But) to C, (a-Hex) and Cy {n-Oct) shows stightly
iy m!c{,;stingi ‘Tesults. of, a clear i s o energy change on the TST relative energy and the rate constant decreases as the number

iptian of their ROP mechanistis s still S o . of carbon asom (C,, C, and Cy) on R group of initiutor increases. The longes chain on R
am 15 S0 that, the  quantum  chemistry ) group slightly destabilizes the T$1 formation stabitity. Therefore the shorter R group 18
‘caleulation and transition siate theory (TST) rmore favorable to make the rate of reaction go faster within the same condition. Second,
will be wsed to investigaic the reaction NLiaiIe the effect of branching group on alkyl group in Sn(OR), initiators from C,(n-But) to iso-
mechanisni and reacuon rate constant / €, (i-But) and rert-C, {t-But) reveals significantly change on energy of TS1 formation.
g Obviously the more steric hindrance of branching, the less stable of TSt is obscrved
resulting in decrease of rate constants.

‘Computational method ™
Quantumn chemical calcuiation was used Lo investigate tie ROP mechanism of 1

itisted by tin(l) alkosides, Sn(OR); when R = n-ClHo. ¢CHy, <CH,, Uty

and n-CJ1,, (figure 2). The thermal rate constants of the reactions were caloulated

using TST method. The computing step was shown in diagram below.
5 g i s

i
it

LY

TOTEEY

Frgare & Rebate emergs profle or QT o L et by fvs dallis  Tobe 1. Tho bomcod sad gt (o
lierida, celcnleind @ RILYP metkad ookt o o takders

=

Conclusion
e S e R = / DFT st R3LYT level calculations of stationary paints alorg the reaction patbway in the
ROP of CL initiated by tingi) alkoxides give insight inta the addition detailed mechanisms
of initiation and propagation p: s. The reaction p ds via instion-inscrtion
Results and Discussion rmechanism and the rate determining step is the nucleophilic attack (TS1 formaton). The
According to the geometry information, our 2 overall reaction is exothermic. Both transition states (TS1, TS2) having fous-membered ring
results support a coordination-insertion mechanism  ~* S L i ses. ing 7-C M has the M;W ¢
initiated by tin(lD alkoxides with two transition P f - sarue conditio ampng. all
states and seven states of reaction prior to the ROP ) € calculated | ants tiators by TST are in good agreement with
(Reactant, Complex, TSI, Intl, TS2. In2, < R
B

Product). The detailed information on the ROP
mechanisni is described in the following six steps
and all initiators show the similar results following
figre 3 as an cxample of Sn(On-CHy). The
relative energy profile is plotted and compared in
figure 4. The apparent encegy barriers ot TS1 of
_initiation ‘step of S0(On-Butl,  Sn(Om-Hex),
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