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Density functional theory models, PBE, BLYP, B3LYP, B2PLYF and mPW2PLYP, with empirical dispersion cor-
rections and the spin-component scaled second-order Meller—Plesset perturbation theory, SCS-MP2, were
tested against the benchmarking adsorbate-zeolite models of Zhao and Truhlar. The van der Waals disper-
sion correction improves the binding energy significantly for all considered exchange-correlation function-
als. The adsorption energies from the density functional theory with double pertu rbatinn correction with

- dispersion term, B2PLYP-D and mPW2PLYP-D, match the CCSIX(T) results polated to the it
W’ basis set even better. The mean unsigned errors of counterpoise-corrected binding energy of II2PL'|"PAD
Density functional theory and mPW2PLYP-D methods are only 0.17 and 0.08 kcal/mol, respectively. The double-hybrid density func-
Dispersion correction tional with dispersion corrections should be used for high accuracy zeolite computation. Alternatively, the
Double-hybrid density functional counterpoise-uncorrected SCS-MP2 calculation can be used to estimate the binding energy due to some
Spin-component scaled MP2 cancellation of errors. Finally, an importance of the speed-up algorithms such as RI-MP2, RIJCOSX and RI-

], for the methods considered in this work was demonstrated by using 3T and 16T zeolite cluster models.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction This is called the density functional theory with van der Waals

Several new exchange-correlation functionals appear in the
literature every now and then. A good example is the recent devel-
opment towards developing the meta-GGA functional which
performs better than the popular B3LYP functional in all aspects.
Truhlar and coworkers have developed families of excellent
exchange-correlation functionals for such general purpose [1]. A
notable example is the family of M06 functionals [2,3]. Alterna-
tively, a pragmatic view on improving the DFT performance also
exists in literatures. A notable example is the empirical modifica-
tion to the density functional theory by Grimme [4,5].

By adopting the idea of the Hartree-Fock dispersion correction
model by Ahlrichs et al. [6], Grimme proposed the addition of
damped, atom-pairwise R ® term to the energy expression to
recover the long-range dispersion behavior
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dispersion correction or DFT-D. The empirical parameters, sg and
Cs. for the model were fitted for a number of well-known
exchange-correlation functionals. This has been proven very suc-
cessful and received much attention recently [7-10]. To extend this
practical view, Grimme also proposed another semiempirical density
functional model which incorporates a fragment of non-local corre-
lation by the second-order perturbative correction (PT2) into the
energy expression. This model is termed the double-hybrid func-
tional model (DHDF)[11]. The combinations of the PT2 non-local cor-
rection and LYP correlation functional with the B88 or mPW
exchange functionals result in the B2PLYP and mPW2PLYP models,
respectively. Exclusive studies by Grimme and coworkers indicate
that the mPW2PLYP model performs slightly better than the B2PLYP
model [12,13]. By combining the two original ideas together,
Schawbe and Grimme later proposed an addition of van der Waals
correction term to DHDF [ 14). The B2PLYP-D and mPW2PLYP-D mod-
elsare by far the best suu:esful models. However, the applications so
far are mainly on biological and organic systems [15,16].

In this work we test several empirical density functional models
against the adsorbate-zeolite system. We consider the zeolite sys-
tem due to its wide practical application in petrochemical industry.
Svelle et al. employed the PBE and PBE-D with periodic DFT models
for the adsorption of methanol and alkenes in H-ZSM-5 zeolite
[17]. They cbserved an increase in binding energy which improves
the calculated results when the dispersion correction is included to
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the periodic PBE model. Zhao and Truhlar performed a benchmark
test on the binding energy of zeolite system [18]. Adopting the 3T
H* zeolite bare cluster, they assessed the binding energy calculated
by well-known functionals and their M06 exchange-correlation
functionals and compared them with the result of the CCSD(T)
method extrapolated to the basis set limit. The MO06 family, notably
M06-2X, performs better than the popular B3LYP functional and
several other common functionals. By using the same model and
high-quality benchmark as Zhao and Truhlar, we can assess the
performance of Grimme’s empirical density functional models on
the adsorbate-zeolite system with the same standard.

We also considered the spin-comp scaled MP2 (SCS-MP2)
method in this investigation [19,20]. This wavefunction-based
method scales the parallel spin and anti-spin second-order pertur-
bation contributions to the electron correlation. Antony and Grim-
me conducted a SCS-MP2 assessment on non-covalent interaction
energies of 165 biological relevant complexes (JSCH 2005 data-
base) [20]. The SCS-MP2 perform statistically well in that system
compared with the original MP2 calculation. They observed that
the effects of basis-set superposition error and basis set incom-
pleteness almost cancel each other when using the triple-zeta basis
set. The use of SCS-MP2 in large systems is also favored not only
due to its accuracy but also due to this cancellation of errors. It is
therefore interesting to see if that behavior is extendable to the
adsorbate-zeolite system which is not included in their test.

2, Methods

The zeolite was modeled as 3T H" bare cluster (Hz). The adsor-
bates consist of CH,, C;Ha4, CoHg, CzH, in alkoxide form and H,0.
These molecules expand the range of nonpolar to polar compounds.
The original zeolitic structures were reported by Zhao and Truhlar
[18]. These were optimized at the MP2/6-311+G(2df,2p) level. The
binding energies of all adsorbates were calculated at the PBE, BLYP,
B3LYP, B2PLYP and mPW2PLYP with and without the van der Waals
dispersion correction, and at the SCS-MP2 levels, The resolution of
identity (RI) approximation was applied for the PBE and BLYP func-
tionals. The Ahlrichs’ TZVP basis set with a new set of polarization
functions (def2-TZVP) was used in the calculations [21,22]. The tri-
ple-zeta quality basis set was chosen because the second-order per-
turbative correction is included in some studied methods. All
calculations were performed by using the ORCA version 2.6.35 pro-
gram [23). Alarge grid setting ('Grid6') was used for the DFT calcula-
tions to eliminate grid-size errors. The binding energy was defined as
the equilibrium binding energy (D.). The counterpoise correction
(CP) was also applied to the binding energy to remove the basis-
set superposition error (BSSE). The calculated binding energies were
compared with the best estimate binding energies which are the

Table 1
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Fig. 1. Adsorbate.. H*3T zeolite which is =-C3H,y in
this figure. This figure was generated by using Avogadro (hetp:f/
avogadro.openmolecules.net),

CCSD(T) extrapolated to the complete basis limit. The mean un-
signed errors (MUE) were estimated for all methods.

3. Results and discussion

Fig. 1 displays representative adsorbate...3T H® zeolite model
system as suggested by Zhao and Truhlar [18]. Table 1 reports the
equilibrium binding energies of the adsorbate-zeolite model sys-
tems for considered methods with or without the Boys-Bernadi
counterpoise correction. The counterpoise correction is necessary
in this case. There are some slight differences in our BLYP, PBE and
B3LYP results with those reported by Zhao and Truhlar, These dis-
crepancies are due to different settings of the program including
the grid size, the basis set and the resolution-of-identity algorithm
(BLYP and PBE).

For saturated hydrocarbons, the PBE, BLYP and B3LYP functionals
underestimated the binding energies. For example, the popular
B3LYP model underestimates binding energies of CHs, CzHg and
C;H,4 adsorbates by 2.50, 4.43, 3.71 kcal/mol which is 73%, 98%,
47% of total binding energies. Without the dispersion correction,
the PBE functional already performs reasonable in predicting the
adsorbate-zeolite binding energy. Its performance is more superior
than the BLYP functional given the fact that both are GGA function-
als. The BLYP functional even predicts a negative binding energy in
C3Hg. . .Hz system.

The binding energy (D) and counterpoise-corrected binding energy (D.-CP) of adsorbate-H3T zeolite model in keal/mol. The def2-TZVP basis set was used for all calculations.

The best esti is the CCSD(T) lated to the complete-basis set limit [18].
Method CH,.. Hz CaHg. . Hz mCaHy . Hz H0.. Hz CaHy alkoxide. . Hz Mean error
D, D.-CP D De-CP De De-CP De D.-CP D, D.-CP MUE MUE-CP

Best estimate 345 4.5 7.79 1497 19.51

RI-PBE 241 n 223 1.75 637 574 15.50 1431 19.62 1827 1.07 161
RI-PBE-D 479 4.49 6.20 5.72 958 895 179 16.72 2419 2283 249 1.70
RI-BLYP n.62 0.3z -0.45 -0.95 3.50 323 1344 12.18 11.68 10,19 4.21 5.05
RI-BLYP-D 444 413 5.90 5.40 9.04 837 1730 16.04 18.98 1748 130 1.05
B3LYP 122 085 0.53 0.07 457 4.08 13.66 1263 15.16 13.86 3.00 ENE]
B3LYP-D 456 428 6.08 562 817 857 17.04 16.01 2155 2025 163 0.50
B2PLYP 241 175 2.60 1.52 6.49 533 14.72 13.05 18.60 15.67 1.08 2.58
B2PLYP-D 415 3.50 5.51 4.43 8.84 7.68 1649 14.82 2194 19.02 134 017
mPW2PLYP 3.00 238 3.42 239 7.20 6.07 1542 13.78 19.95 17.14 0.60 1.69
mPW2PLYP-D 427 365 5.54 451 891 7.78 16.71 15.07 2238 19.57 152 0.08
SCS-MP2 320 1.96 4.05 21 7.74 577 1432 11.80 19.98 14,81 037 275
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Computational times in minute for Hy0. . .H*3T and H;0.. H*16T zeolite cluster models conducted on a quad core PC machine {Q9450 chip @ 2.66 GHz with 4GB RAM). The 16T~

Hz model is a H-Ferrierite duster model as introduced by Tuma and Sauer [24].

Average single SCF cycle (min) MP2 (min) Total run time (min)

H;0.. 3T-Hz H30...16T-Hz H;0.. 3T-Hz H;0. .. 16T-Hz Hz0.. 3T-Hz H;0...16T-Hz
SCS-MP2 1 73 37 na 75 na.
SCS-MP2 with RI-MP2 1 59 02 165 22 1527
B2PLYP 1 54 6 na, 24 na.
B2ZPLYP with RI-MP2 1 54 03 475 16 1510
B2PLYP with RIJCOSX and RI-MP2 03 6 03 442 5 561
BILYP 1 56 = - 17 1063
B3LYP with RIJCOSX 03 6 - - 4 117
BLYP 08 52 - - 15 996
BLYP with RI-] (15 2 - - 2 34

Upon augmenting the dispersion correction to the original func-
tionals, the binding energies generally increase to be close to the best
estimate which is the CCSD(T) binding energy extrapolated to the
complete-basis set limit. It is clear that the van der Waals dispersion
correction recovers a signification portion of weak interaction en-
ergy that is missing in original density functional models and, hence,
improves the adsorbate-zeolite binding energy significantly. The
dispersion correction seems to overshoot the adsorbate-zeolite
binding energy only in the PBE-D functional. Judging from the
MUE, the BLYP-D and B3LYP-D models are clearly in favor over the
original functionals and should be used in this system to estimate
the binding energy. Both models, however, yield similar binding
energies. Considering the computational speed-up gained from the
Rl algorithm, the BLYP-D method might be preferred over B3LYP-D.

The B2PLYP and mPW2PLYP double-hybrid density functionals
already performs better than the well-known GGA and hybrid
functionals considered in this work. Their counterpoise-uncor-
rected binding energies matches well with the best estimate. The
counterpoise correction, however, reduces their magnitudes.
Including the dispersion correction term improves the quality of
counterpoise-corrected binding energy significantly. Both counter-
poise-corrected B2PLYP-D and mPW2PLYP-D binding energies are
in excellent agreement with the best estimate; the average mean
unsigned errors of the counterpoise-corrected B2PLYP-D and
mPW2PLYP-D binding energies are only 0.17 and 0.08 kcal/mol,
respectively. The double-hybrid density functional with dispersion
correction can therefore be used as a high quality calculation with-
out resorting to a much more ive CCSD(T) calcul

Now we turns to the spin-component scaled MP2 method. This
modified MP2 method speeds up the MP2 calculation without com-
promising its quality. Zhao and Truhlar reported the mean error of
MP2 computed with aug-cc-pVDZ, aug-cc-pVTZ and 6-31+G(d,p) ba-
sis sets [18], The SC5-MP2 underestimates the binding energy of sat-
urated hydrocarbon adsorbates but gives a good estimate of n-
interaction in ethylene-zeolite system, The counterpoise-corrected
SCS-MP2 binding energies are not as accurate as those from double-
hybrid density functional models. However, its counterpoise-uncor-
rected binding energy turns out to be in closer agreement with the
best estimate result than the double-hybrid density functional.
The SCS-MP2/def2-TZVP method also yields a lower MUE than those
from MP2 calculations reported by Zhao and Truhlar [18]. These
indicate some cancellation of errors that can be explored in case that
one neglects the use of counterpoise correction due to an additional
computational cost. This supports what Antony and Grimme ob-
served earlier in biol 1 ¥ [20].

For a system of greater size such as isobutene...16T zeolite
cluster model that were investigated by Tuma and Sauer [24]
and by Zhao and Truhlar [18], its computational cost can be pro-
hibitively expensive, particularly for any methods involving the
MP2 calculation. Zhao and Truhlar reported the benchmark data
of four forms of isobutene interacting with 16T-Hz cluster model

sl
gically

taken from H-Ferrierite zeolite. The authors found that their set
of Minnesota density functionals, M05-2X, M06-2X, M06-1 and
MO6, generally performs better than the MP2{TZVP(P) method.
Notable result can also be achieved from the MO6-L local func-
tional extrapolated to the complete-basis set. The MO6-L functional
is an attractive choice since it can be speed up by using the resolu-
tion-of-identity algorithm.

Treating a large system by using the methods considered in this
work can be achieved with the help of speed-up algorithms such
as those implemented in ORCA program [23]. In Table 2, we report
an average single SCF cycle time, the MP2 calculation time, and the
total calculation time of H;0...16T-Hz and H;0...3T-Hz systems
when using SCS-MP2, double hybrid, hybrid and non-hybrid func-
tionals methods. As expected, the computational cost of any meth-
ods involving MP2 calculation in a large system are much greater
than those of conventional density functional methods. Moreover,
one can see an important time saving upon invoking the speed-up
algorithms such as RI-MP2 [21], RIJCOSX [25] and RI-] [26]. The RI-
MP2 approximation reduces the MP2 computing time drastically.
The 3T-Hz cluster with H,0 adsorbate (332 basis functions) has
the SCS-MP2 computational time reduced from 37 to 0.2 min. For a
16T-Hz cluster with H;0 adsorbate containing 1691 basis functions,
typical SCS-MP2 and B2PLYP calculations cannot be achieved on our
quad core PC machine (Intel Q9450 chip @ 2.66 GHz with 4GB RAM).
The MP2 calculation requires too many passes of integral transfor-
mation. Adopting the RI-MP2 approximation, the calculation be-
comes feasible with the MP2 part taking only a fraction of the total
SCF calculation time. The RI-MP2 method also decreases the com-
puting time of double-hybrid functional to be 1510 min which is in
the same order of magnitude as that of conventional density func-
tional. However, the conventional density functional can also be
speed up by similar resolution of identity approximations. The RiJ-
COSX and RI-J approximations for the hybrid functional and non-hy-
brid functional calculations, respectively, can speed up the self-
consistent field cycle by almost ten times. It would be interesting
to invoke speed-up algorithm in both SCF and MP2 parts for the dou-
ble-hybrid functional. The B2PLYP method with both RIJCOSX and
RI-MP2 approximations indeed benefits from such computational
saving with the total time for H;0...16T-Hz cluster calculation re-
duced to 561 min (see Table 2). This makes the double-hybrid func-
tional competitive with conventional density functional method.
These data suggest that one should adopt these speed up techniques
to make a large system calculation feasible, notably for any methods
involving MP2 calculation.

4. Conclusions

The adsorbate-zeoclite binding energies calculated by using
some density functionals with dispersion correction and spin-com-
ponent scaled MP2 were compared against the benchmarking

CCSD(T) results extrapolated to the complete-basis set limit sug-
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gested by Zhao and Truhlar. The dispersion correction is important
to obtain good estimation of binding energy. This is particularly
crucial for the functional with Becke 88 exchange functional such
as BLYP and B3LYP. The double-hybrid density functional model
with dispersion correction is the most accurate model in this study
with quality in rival to the best estimate binding energy of CCSD(T)
with complete-basis set quality. Alternatively, the SCS-MP2 model
can be used to calculate the counterpoise-uncorrected binding en-
ergy due to some fortuitous cancellation of errors. The resolution of
identity approximation could be adopted to decrease the MP2 and
SCF computational cost of both double-hybrid density functional
and SCS-MP2 without losing any accuracy, hence making them
practical methods for high accuracy adsorbate-zeolite calculations.
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ﬂtﬂmodmnﬂcmmeﬂcumﬂmemeﬂummhuﬂhwmlmmufmuhc&
tate or triacetin, a model 1 d, were investigated by using Density Functional Theory
(DFT) at the B3LYP/6-31++G{d,p) level of calculation. Twelve elementary steps of triacetin methanolysis
were studied under acid-catalyzed and base-catalyzed conditions. The mech of acld-catalyzed
methanolysis reaction which has not been reparted yet for any esters was proposed. The effects of sub-

Keywaords:
Triacetin
Methanolysls
Hydrolysls

stitution, methanolysis/hydrolysis position, solvent and face of nucleophilic attack on the free energy of
reaction and activation energy were examined, The prediction confirmed the facile position at the middle
positian of glycerol obouwdbyﬂmmdmiquﬁ The calculated activation energy and the trends of
those factors agree with exd. jons in biodiesel

& =P

Blodiesel
Denslty Functional Theory

tion,
© 2010 Hsevier BV, All rights reserved.
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Triacylglyceride (TG) is a major constituent of naturally avail-
able oil and fat. The methanolysis, or transesterification, of triacyl-
glyceride yields fatty acid methyl ester (FAME) and free glycerol as
products. Alkaline methanolysis of triacylglycerol is a conventional
process for biodiesel production from fresh vegetable oil owing to a
very high conversion rate. This process makes use of a basic homo-

S aasie sadalad soiake ao DAY oo BIaAATT FAT Thia cceccad o b Ta

ETITUUD Calalydl SULL &3 RUM UL I [ 1. 1S CULIVET UL 18 1>
satisfactory provided that water and free fatty acid (FFA) contents
in raw material are low [1]. This prerequisite prevents the hydro-
lysis reaction, the most important competing reaction, which
yields soap as a product.

Methanolysis of triacylglycerol can be catalyzed by acid but
with slower rate of conversion. Under acidic condition, the soap
production is avoided and the esterification of FFAs which are

Fraomd writh hish narcantams in waehs pasatahla all can Fala wlass
ASUNG Wikhl sugn POTCONIAES IN WaSWS VOETamT On Cah Waa pall

simultaneously. However, this generally slow conversion rate of
acid-catalyzed transesterification requires a rather high tempera-
ture condition [2].

We believe that the basic understanding on the methanolysis
and its competing hydrolysis reaction of triacylglycerol com-
pounds at the molecular level is essential for the development of

* Comresponding author ar: Add b nr Center INRNO-
TEC), Natlonal Sclence and Technology 3 hanl 12120,
Thalland.
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D100 1e581 Progucuon., viin une use of glycerol iriacetate or triacetin
as triacylglycerol model compound, we mvecﬂsate the reaction
mechanism of the methanolysis and its ¢ g hydrolysis reac-
tion under acid- or base-calalped conditions. The triacetin mole-
cule was considered in this work because it is the smallest
compound in triacylglycerol family that contains all features of
triacylglycerols. It undergoes three successive reactions until it be-
comes glycerol and releases three fatty acids or fal:ty add methyl

PR US| SRPUIGIRPT RPN P, IUNS [P JRREL ST P 2 b s

T UTPRCTRITE Ul LS LUVUIVEY 1TV UUIL T by "\III-. lwl Lyp=>
of reaction are considered: base-catalyzed hydrolysis (BH), base-
catalyzed methanolysis (BM), acid-catalyzed hydrolysis (AH) and
acid-catalyzed methanolysis (AM). There exists proposed reaction
mechanism for BH, BM and AH reactions of some small compounds
in the literature [3-10]. They are all bimalecular, base- or acid-cat-
alyzed, acyl-oxygen cleavage reactions proceeded via the forma-
tion and dissolution of a tetrahedral intermediate. Schematically

ehouarm far tha haead satalusad hudralusie in Tie 1 thars ara fus
SOWI 0T W DRSKG=CAWYZCh NyGItaysis il rig. 1, wtic a&iT 0ve

important stationary structures along the reaction coordinate:
reactant complex (RC), first transition state (TS1), tetrahedral inter-
mediate (TI), second transition state (TS2) and product complex
(PC) [7.8].

The reaction mechanism of the based-catalyzed hydrolysis of
esters has long been studied by several groups [3-9]. Zhan et al. re-
ported the hydrolysis of methyl acetate in gas phase and solution
phase with the solvents being represented explicitly or by the sol-
vation model [7,8]. In gas phase, five stationary structures along
the reaction coordinate are identified with the dissolution of
tetrahedral intermediate (T1) being the rate-determining step. This
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rate-determining step agrees with the experimental observation
[11]). On the other hand, with the combination of four explicit sol-
vent molecules and implicit solvent, only four stationary structures
are reported. It was found that the RC structure in solvent phase is
less stable than the separated reactants. It was then excluded from
the calculation and the energy barrier was taken directly from the
difference in energy of TS1 and separated reactants [6,8]. Zhan and
Landry further reported the alkaline ester hydrolysis of cocaine and
revealed that the face of nucleophilic attack can play a role on the
reaction kinetics [6]. The energy barrier difference for the attack at
the Si and Re faces of cocaine molecule is ~1 kcal /mol.

At least two reports exist on the mechanism of base<catalyzed
methanolysis of methyl acetate based on the previous hydrolysis
work of Zhan and coworkers [12,13]. The dissolution of tetrahedral
intermediate does not facilitate by the proton transfer as in the
hydrolysis counterpart. Theoretical studies of alkaline methanoly-
sis of vegetable oil in the literature are rather limited. Om Tapanes
et al. conducted an experiment and theoretical studies of biodiesel
formation from Jatropa curcas oil [14]. With the intention to clarify
the existence of one or two tetrahedral intermediates along the
reaction pathways of base-catalyzed methanolysis, the authors
investigated the reaction pathways of monoglyceride by using
the semi-empirical AM1 model. Only one tetrahedral intermediate
was observed in their calculation. The dissolution of this tetrahe-
dral intermediate was found to be the rate-determining step. The
authors attribute the difference between the kinetics of the meth-
anolysis and the ethanolysis to the alkoxide formation step. They
also assume some similarity between each successive stage of con-
version from triglyceride to glycerol. Asakuma et al. consider the
difference between each stage of conversion in details [15]. Three
different successive pathways for the base-catalyzed transesterifi-
cation of various vegetable oil were proposed and investigated by
using the HF/STO-3G method. Several alkoxides were considered
in their work. The activation energy was found to be decreasing

+ +
ﬁ“ H
M—F—WHQ—?—WH&—
5. OH: 5. OH
WO H/ﬁ ~H
RC 81 T

(a) without and (b) with explicit water molecules propesed by Zhan et al. [7,8]. The

with the alkoxide size. Almost no variation of the activation energy
with the carbon chain length of fatty acid was observed. The
authors conclude that middle ester bond in the triglyceride is
transesterified before the ester bond at the end position.

Recently Hori et al. reported the mechanism of gas-phase acid-
catalyzed hydrolysis of methyl acetate in gas phase and solution
phase modeled by explicit and implicit solvents [10]. The authors
reported that the reaction proceeds anly if when an explicit solvent
molecule is included (see Fig. 2). In gas phase, the dissolution of TI
is the rate-determining step. This was confirmed experimentally
by several kinetic studies [16-20]. They noticed that explicit sol-
vent molecules enhance the nucleophilicity of the attacking water
which is a weaker nucleophile than hydroxide ion and facilitate the
leaving of -OCH; group. Without additional water molecule, no
stable TI structure was obtained [10]. According to this gas-phase
mechanism, the barrier height of the second step is greater than
that of the first step, implying that the leaving of -OCH; group with
water-assisted proton transfer is the rate-determining step.

To the best of our knowledge, the reaction mechanism of the
acid-catalyzed methanolysis has not yet been elucidated in the lit-
erature. Fox and coworkers reported an unsuccessful attempt to
calculate acid-catalyzed methanolysis mechanism of methyl ace-
tate [13]. They concluded that the methanol melecule could not
get close to the carbonyl carbon enough to form a T1 structure. This
might be due to the neglect of explicit solvent molecule as in the
case of acid-catalyzed hydrolysis reaction investigated by Hori
group [10]. Therefore, we explored a plausible mechanism of
acid-catalyzed methanolysis reaction in this work

2, Computational detalls

Glycerol triacetate or triacetin, an ester of glycerol and three
acetic acids, was chosen as a triacylglycerol model compound. As
observed by Asakuma et al,, the carbon chain length of fatty acid

H,—- H£<}chus——mc—<r--9cw
OBty 0

Ts2 PC

Fig. 2. Schematl of the acld Tumed b

drolysis of methyl acetate as proposed by Horl et al. [10]
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plays minor role in the kinetics [15]. Therefore, the smallest acid
side chain renders triacetin a practical model compound for com-
putational study of biodiesel formation. It is utilized as a model
compound in recent kinetic investigations of acid- and base-cata-
Iyzed methanolysis which aim to develop better catalysts for bio-
diesel synthesis [21,22]. These studies provide us with activation
energies that can be used as a benchmark for our investigation.

Because triacetin can adopt several conformers, we conducted a
preliminary search on the conformational energy landscape of tri-
acetin. The two-dimensional conformational space based on two
dihedral angles around the C-C bonds of the glycerol backbone
was explored. Fig. 3 displays the mentioned dihedral angles and
the numbering scheme used on the glycerol backbone. Nine min-
ima and 18 first-order transition states of triacetin were identified
on a two-dimensional conformational space. The most stable con-
former is the one with two backbone OCCO torsional angles being
trans and gauche. Our finding contradicted with reported MM2 re-
sult which predicted that both dihedral angles should be gauche
plus and gauche minus for the global minimum [23]. We adopt
the DFT global minimum structure of triacetin as an initial geom-
etry for our study.

To elucidate the methanolysis/hydrolysis reactions of triacetin,
we partitioned the whole reaction into three successive steps as

Fig. 3. The glycerol backbone of the most stable triacetin structure (H polnts
outward ar C2).

25

originally outlined by Yamasaki [24]. Fig. 4 illustrates 12 possible
elementary steps to methanolyze or hydrolyze three ester linkages
of triacylglyceride. Each step is essentially the removal of single
acyl group by attacking nucleophile of which the reaction mecha-
nism proceeds with tetrahedral intermediate as stated earlier. The
form of nucleophile depends on the catalyst used. For acid-cata-
lyzed reaction, the nucleophile is the neutral CH30H or Hz0 mole-
cule for methanolysis and hydrolysis reactions, respectively.
During the reaction, the protonation occurs on the carbonyl oxygen
of the ester substrate. For base-catalyzed reaction, we consider the
(H30™ or OH™ ions as nucleophile for methanolysis and hydrolysis
reactions, respectively. The nucleophile of this category also acts at
the same time as basic catalyst. In both cases, the reaction pro-
ceeds through the nucleophilic substitution, then followed by
either protonated ester or negatively charged nucleophile
regeneration.

The geometries of all compounds in the scheme as well as that
of RC, T$1, T1, TS2 and PC for all elementary steps were optimized
by using the Density Functional Theory (DFT) at B3LYP/6-
31+G(d,p) level. All stationary structures were verified by com-
puting their hessian. The CPCM continuum sclvation model was
used to incorporate the solvent effect. In some case, explicit solvent
malecules were included in the calculations. The reaction free en-
ergy and the activation energy for all 12 elementary steps were
evaluated and compared with available experimental kinetics data
of triacetin and vegetable oil [22,25-27]. All calculations in this
work were performed by using the Gaussian 03 program [28].

3. Results and discussion

Table 1 summarizes average reaction free energies for the
methanolysis and hydrolysis reactions of triacetin in the acid-
and base-catalyzed conditions. The reaction free energies were
averaged from those of all 12 possible elementary steps (see
Fig. 4 and Table 2). The hydrolysis of triacetin is slightly exergonic
in gas phase (—0.46 kcalfmol) but becomes moderately exergonic

DG1 MG3
CH,0H CH,OH
CHOCOR; g CHOH
TG CH,0COR; CH,0CORy G
DG2 MG2
CH,0COR, oo HOH CH,0H
—_— —_—
CHOCOR, —_— THOCORz Tuou
CH,0CO
" CH,OCORg CH;0H CHZ0H
Triglyceride (TG) DG3 MG1 /;;yml (©)
CH,OCOR, ,OCOR,
CHOCOR, : {|':HOH
CH,0H CH,0H
e —— e
Diglyceride (DG) Monoglyceride (MG}
Fig 4. All possib fve transfi ton steps for the methanolysls and hy ysis of triacylgly to glycerel and three fatty aclds or farty acld methyl esters.
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Table 1
Average reaction free energles for hydrolysls and methanalysls of triacetin (in lcalf
mal). The reaction free energles were averaged aver 12 ible el steps.

<AG>f{kealfmol) Gas phase  CPCM energy at gas phase

geometries

‘Water Methanol
Add-catalyzed
(1) Protenation -3253 -572 604
Hydrolysis reaction -0A6 -3 -3.52
(2) Nucleophilic substitution 953 -5.86 -523
(3) Protonated ester regeneration  —9.99 215 1.7
Methanolysis reaction -215 -2.80 -269
(2) Nucleophilic substitution -053 —4.19 -370
(3) Protonated ester regeneration 153 138 102
Base-camlyzed reactions
Hydrolysls reaction -DAS -3.n -352
(1) Nucleophilic substitution -4519 —28.47 -2859
(2) Nucleophile regeneration 4473 2476 2507
Methanolysls -215 -2.80 -2.69
(1) Nucleophilic substitution -21.02 -89 -923
(2) Nucleophile regeneration 18.87 6.13 654

Bold values signifies that these numbers are sum or average of the other,

in solution phase (~—4 kcal/mal). On the other hand, the reaction
free energies for triacetin methanolysis are approximately the
same for gas and solution phase (~—2 kcal/mol). From thermody-
namics point of view, methanolysis is, therefore more favorable
than hydrolysis in gas phase, but becomes less favorable than
hydrolysis in solution phase. This discrepancy between gas and
solution phase suggests that the solvents play an important role
and should be included in the calculation to better reproduce
experimental data. Although the reaction free energies in acid-
and base-catalyzed conditions are the same, the reaction free ener-
gies of the nucleophilic substitution in these two conditions are
different. The corresponding energy in basic condition is greater

Table 2
Reaction free enengles for 12 el steps of triacetin methanalysls (in lcalfmal)
and their averages. The reaction free fles were aged ta (1) the
number of acyl glycerol and (i1) the positian on the glycerol
backbene that methanalysls takes place.
Gs CPCM water CPCM methanol
phase
Solvent Gas phase  Solvent Gas phase
phase structure  phase structune
structure structure
MeOAC 0.00 000 000 000 000
TG-+DG1 -1.5%6 -309 -302 -228 ~2.81
TG—+DG2 341 -433 -472 —4.14 -3.75
TG—+DG3 -245 -123 —2.44 —2.85 =191
DGC1-+-MG2 -1.88 -182 -188 —-1.40 -1.61
DG1-+MGC3 -298 -290 -3569 -474 ~186
DG2--MG1  -1.36 -0I19 =176 -087 -.37
DG2-+MG3 -1.14 -166 -199 —-188 -1.92
DG3—-MG1 2312 -329 —403 -2.16 —4.20
DG3-+MGC2 080 -368 -246 -083 -2.51
MG1-G -1.4) 246 -2.06 =213 -2.06
MG2-G -391 -207 -363 -346 -3.75
MG3 -G -262 099 -182 -012 -2.51
N, of acyl substinuens
TG—+DG -241 -281 -340 -308 282
DG—+MG -1.65 -2.18 —2165 -2.15 —2.58
MGG 291 =176 -152 -190 =277
Posttion of methanolysis
1 -1.41 -265 -240 -203 -3
2 -3.08 -307 —403 -363 -3.64
3 -1.96 -098 -189 =131 -2.10
Average 315 -113 -250 -232 ~2.69

Bold values signifies that these numbers are sum or average of the other.

in magnitude than those in acid condition. This is probably due
to the anionic nature of involving species. The choice of either
water or methanol solvents simulated by CPCM model hardly af-
fects the reaction free energy.

Table 2 also reports the effect of optimized geometries on the
reaction free energy. By using the gas-phase and solution-phase
optimized geometries, the reaction free energies including the
CPCM solvation are generally very consistent. We therefore
adopted the gas phase optimized geometries to reduce computa-
tional costs for the rest of this work.

The variation of the reaction free energies of 12 elementary
methanolysis steps in Table 2 is believed to be due to three factors:
(1) the number and position of acetyl substituents on glycerol
backbone, (2) the nucleophilic attacking position on glycerol back-
bone that methanolysis or hydrolysis takes place, and (3) the sol-
vent effect. These thermodynamic quantities computed in gas
and solution phase in Table 2 can also be considered as the relative
stability of triacetin derivatives with respect to glycerol and three
methyl acetate molecules (see also Fig. S1 in Supplementary infor-
mation). The reaction free energy of an elementary step depends
on the stability of reactants and products which in turn depends
on their structures, Le. position that reaction takes place, and the
number and position of acetyl substituents.

Judging from the reaction free energies, the gas phase reactions
follow these trends: MG — G > TG — DG > DG —+ MG and position
2> position 3 > pesition 1. In other word, the MG — G is the most
exergonic reaction compared to TG — DG and DG — MG processes
and is the most thermodynamically favorable process. Regarding
the substitution position on the glycerol backbone, the nucleophile
prefers to attack at the position 2 or the middle position. On the
other hand, in solution phase the reaction follows these trends:
TG - DG > DG -+ MG ~ MG — G and position 2 > position 1 > posi-
tion 3, The trend in the attacking position on glycerol backbone in
the gas phase reflects the steric hindrance in triacylglyceride mol-
ecule, i.e. the position 2 or the middle position is the most steric.
The greater the steric relief is, the more exergonic the reaction be-
comes. For the side positions, the position 3 is slightly more steric
than the position 1 because the acyl substituent at positions 3 and
1 of glycerol backbone is gauche and trans to the middle group,
respectively. This trend at the side position is reversed in the solu-
tion phase. In solution, we believe that the dipole moment deter-
mines this trend. In polar solvents, the acyl group at the position
1, which is trans to the middle position, results in partial cancella-
tion of the dipole moment of the reactant, hence making it less sta-
ble than those with acyl group at the position 3.

The hydrolysis and methanolysis reactions under both acid- and
base-catalyzed conditions can be divided into major steps depend-
ing on the reaction condition (see Table 1). Under acid condition,
the ester is protonated first before undergoing a nucleophilic sub-
stitution. Finally, a product is deprotonated by transferring a pro-
ton to another ester reactant and, therefore, regenerating a
reactive ester to undergo nucleophilic substitution in the next cy-
cle. Under basic condition, the negatively charged nucleophile di-
rectly attacks the ester. Then the product abstracts a proton from
reactants to regenerate negatively charged nucleophile again. As
the proton transfer process is known to be very fast process, our fo-
cus is on the nucleophilic substitution which is believed to be rate-
determining step. Although the total reactions should have the
same reaction free energy independent of the catalysts involved,
the acid-catalyzed and base-catalyzed reactions differ greatly in
the nucleophilic substitution step. Considering the reaction energy
of this step, the hydrolysis and methanolysis reactions are more
favorable in the base-catalyzed condition than in the acid-cata-
lyzed condition. This observation is in line with the experimental
observation that rate of methanolysis of vegetable oil in allaline
medium is about 4000 times faster than that in acidic medium
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[2]. However, to compare with these experimental observations,
the reaction energy barrier in acid- and base-catalyzed conditions
must be obtained.

In the following subsections, detailed reaction mechanisms of
the nucleophilic substitution step in acid- and base-catalyzed con-
ditions, including the corresponding energy barriers, will be
discussed.

3.1. Acid-catalyzed methanolysis (AM)

Two possible mechanisms for acidic methanolysis are consid-
ered. Based on a report that tetrahedral intermediate of the reac-
tion could not be obtained [13], a one-step mechanism with a
transition structure was calculated as illustrated in Fig. 5. The bar-
rier height in both gas and solution phases is over 30 kcal/mol. This
is unusually high and almost three times greater than the experi-
mental value of ~11 kcalfmol for triacetin [22]. We thus proposed
two-step mechanism comprising of RC, TS1, TI, TS2 and PC station-
ary structures. Initially, we tried to optimize the TI structure con-
sisting of only the ester and attacking nucleophile. The attempt
was unsuccessful because the nucleophile could not get close to
the ester enough to form the TI structure. Our finding agrees with
what reported previously in the literature [10,13]. Therefore, we

tries for comparison. The experimental TG —DG activation
energy of ~11kcalfmol was found to lie in between average
TG — DG DFT and HF barrier heights of ~8 and ~14 kcal fmol

In gas phase, the preferential nucleophilic attacking position
predicted from the reaction free energy agrees well with those pre-
dicted from the energy barrier. The ester bond at the middle posi-
tion is the most reactive and also releases the most energy. In this
case, the more thermodynamically favorable a reaction is, the fas-
ter it proceeds. However, in solution phase, the acidic methanolysis
at position 1 has the least activation energy. This suggests that a
reaction in solvent is likely to occur at a position which is less ste-
rically hindered, so that a nucleophile can easily approach the car-
bonyl carbon. To our knowledge, there has not been any
experiment under acidic condition that considers the nucleophilic
attacking position factor yet. Our prediction, therefore, remains to
be tested by experiment.

Another factor that could affect the activation energy of acid-
catalyzed methanolysis is the face of nucleophilic attack. This
factor has already been reported to be rather small in the case of
base-catalyzed hydrolysis [6]. We considered the acid-catalyzed
methanol attack on the Si and Re faces of MG1. As reported in

Table 3
adopted the approach of Hor et al. which adds an explicit solvent mﬂ‘wmmﬂﬁhafwwﬂmmmw[ﬂﬁ
molecule to enhance nucleophilicity of nucleophile and to assist  (in kcalfmol). The reactian proceeds through five y il
proton transfer [10]. Using this technique, we were able to calcu-  Fig 6. The face of nuceaphilic artack Is | din
late the reaction mechanism of acid-catalyzed methanolysis for RCTS1 -1 T2 .PC ‘Acthation
methyl acetate as well as for all 12 elementary steps of triacetin energy (E.)
(see Table 3). By setting the energy of RC structure as the reference, MeOAc 1124 212 5852 —1664 1494
the average free energy of five stationary structures over 12 ele- TG -+ DG1 (Re) 1163 -309 747 4307 1601
mentary steps is depicted in Fig. 6 along with the stationary struc- TG —+ DG2 (Re) 792 -077 310 3659 1025
tures of MG1 — G step as an illustrative example. The dissolution TC-+DGA(Re) . 11240 oIl 798 LU 1T
of T structue i th rale-detrmining siepof this mechanism. 201U 2% @1 % U
Table 6 reports the activation energy of the triacetin methanol- DG2 -+ MG1 (Re) 12,19 -097 748 4358 1870
ysis averaged over 12 possible elementary steps for different num- DG2 -+ MG3 (Re) 1129 -202 654 3711 1581
ber of acetyl groups on glycerol backbone and different DG - MG1 (Re). 692 0 570 3886 12
nucleophilic attacking position. The mechanism provides us with ﬁ*:‘:ﬂ?’ s i o o M
the activation energy of ~15 kcalfmol in gas phase and ~7 keal/ MG2 — G (Re) 838 _089 635 -3908 1354
mol in solution phase. According to the table, the DFT underesti- MG3 — G (Re) 1258 -217 711 -3984 1752
mated the barrier energies in solution phase; this is due to the ﬁ —'gg; 1;-: :‘1; ;fn —;;:: 1:—':’:
DFT fi 2 = = ¢
:::;mmhg” ;ﬁt H °|"m£m’m,1”[ Q;O%ge;;r: MG3 - G (s1) 1430 -376 425 3636 1479
40.00 -
25.00 1
20.00
25.00
i@r ,:'j
> 15.00
10.00 - OI/
500 4
a0t oo AN ndE @
500 =
Reactants RC T8 PC Products

Fig. 5. Free energy reactlon profile of one-step add lyzed
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FIg. 6. Free energy reaction profile of acid
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steps In gas phase (), water () and methanol (A) environments. The
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Fig 7. Free energy reaction profile of MG1 add-catalyzed hydrolysis (Re face attack of water) in gas phase (—), water (00) and methanol (A) emvironments.

Table 3, the difference in barrier height between the attack on Si
and Re faces is about 3 kcal/mol in gas phase and 2 kcal/mol is
solution phase.

32, Acid-catalyzed hydrolysis (AH)

By adopting initial geometry of stationary structures from AH
mechanism reported for methyl acetate [10], the acidic hydrolysis
mechanism of MG1 was summarized in Fig. 7. The rate-determin-
ing step is the dissolution of TI which is similar to the acid-cata-
lyzed methanolysis mechanism. The MG1 activation energy for
AH reaction of about 13 kcal/mol is comparable to the experimen-
tal activation energy of methyl acetate which is reported to be
16 keal/mol [31]).

As there are several factors that affect acid-catalyzed methanoly-
sis and hydrolysis mechanism, the role of nucleophile, explicit and
implicit solvent molecule on the activation energy were reported
in Table 4. The activation energy of acid-catalyzed hydrolysis pro-
cess is greater than that of methanolysis, implying that methanol
isa better nucleophile than water. Methanol is also a better facilitat-
ing solvent compared to water as it results in alower activation en-
ergy. The acid-catalyzed methanolysis of triacetin hence proceeds
considerably faster than its corresponding hydrolysis reaction judg-
ing from these two observations. An implicit water model decreased
the activation energy by about 1 kcal compared to those calculating
with the methanol model. This reduction is however small com-
pared to 3-7 kcal/mol difference originated from the choice of nucle-
ophile and explicit solvent. Therefore the explicit solvent treatment,
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Tabled

The activation energles for acid-catalyzed reaction of methyl acetate (MeOAc) and
MG1 calculated with different nudeophile, facllitating solvent and implict CPCM
solvent. The energles were reparted In terms of Gibbs free enengy (In lcalfmal})

Ester Gas phase Implicit Solvent
Nucleophllefexplicit solvent Water MeOH
MeOAc
MeOH/MeOH 1494 6.54 741
MeOH/H,0 2081 949 1050
Ha0f/MeOH 18.19 1083 1120
HaOfH,0 2461 12.45 1324
MG1 — G (Re)
MeOH/MeOH 1484 651 761
MeOH/H,0 2101 951 1082
HaOfMeOH 1731 983 1037
Hi0/H:0 2418 12.55 1346
Table 5
The free energy reaction profile of triacetin b lysis in gas phase
(In kecalfmel) The reaction ds through five statl as outlined in
Fig. B. The face of nudecphilic artack Is Indicared in parenthesis,
RC—TS1  —T -T2 —PC Activation
energy ()
MeDAC n —450 450 -209 211
TG - DG1 (Re) 2.00 -982 -1, -6.10 200
TG -+ DGZ (Sl) 427 -1471 -262 -4D01 427
TG-+DG3(S))  1.93 -740 -158 057 193
DG1 MGz (SI) 195 -1511 1074 ~756 195
DG1 -+ MG3 (5) 596 1117 413 -319 55
DG2 -+ MG1 (Re)  3.39 -725 191 771 339
DG2 - MG3 (Re) 5.28 -705 156 -249 528
DG3 - MG1 (SI)  6.47 -1884 607 -1515 6A7
DG3 -+ MG2 (Re) 1.84 =120 325 -424 154
MG1 -G (Re) 283 -252 068 -391 283
MG2 — G (51) 0.14 -1014 3@ -13@ 014
MG3 -+ G (Re) 191 -342 327 —-420 193
even with the minimal amount of molecules, is a prerequi-

site to a correct description of this reaction.

As the dissolution of TI structure coupled with the water-as-
sisted proton transfer is the rate-determining step for both
acid-catalyzed methanolysis (AM) and hydrolysis reactions (AH)
of triacetin, the proton tunneling effect that was neglected so far
might significantly reduce the calculated activation energy of this
step. A rough estimation of the proton tunneling correction
obtained from the Wigner expression at 298.15K is less than
1 kcalfmol [6,32,33]. This number is in agreement with an earlier

study on base-catalyzed hydrolysis (BH); it also confirms that the
second step of AM and AH is still the rate-determining step as
the proton tunneling correction is too small to reverse the relative
degree of barrier heights of these two steps [8].

3.3. Base-catalyzed methanolysis (BM)

The stationary structures and their corresponding energy along
the reaction coordinate for 12 successive steps of the base—cata-
lyzed methanolysis of triacetin were obtained with the help from
mechanisms reported by Fox et al and Chen and Brauman
[12,13]. Table 5 summarizes the free energy reaction profile of tri-
acetin base-catalyzed methanolysis in gas phase while Table 6 re-
ports the activation energy in both gas and solution phases. In gas
phase, the relative energy of five stationary points along the reac-
tion coordinates is similar to those in the acid-catalyzed reaction.
However the reactant complex (RC) structure becomes less stable
than reactants in solution phase. We excluded the reactant com-
plex from the energy barrier calculation of the first step and con-
sidered the energy difference between TS1 and separated
reactants (SR) structures instead (see Fig. 8).

In contrast to the acid-catalyzed reaction, the formation of TI
structure is the rate-determining step. According to the barrier
height in Table 6, the calculations of this reaction were in qualita-
tive agreement with the experimental observations (Refs. b and d
in Table 6); the activation energy E; follows this trend:
DG — MG > TG - DG > MG — G [26,27]. Although the experimen-
tal activation energy of 1-18 kcal/mol were obtained from triacyl-
glyceride with long-chain fatty acids [25-27], our calculations on
triacetin yield comparable values of 8-11 kcal/mol. These values
fall into the range of activation energy observed in other triacylgly-
cerides. We believe that triacetin is justified to be used as model
compound representing the other triacylglycerides including those
used as feedstock for biodiesel production.

3.4. Base-catalyzed hydrolysis (BH)

The optimized geometries and energies of MG1 species under-
going the base-catalyzed hydrolysis were calculated as illustrative
case based on the proposed mechanism of methyl acetate by Zhan
etal [6-8]. The energy profiles in gas and solution phases were de-
picted in Fig. 8. The separated reactants energies were used to cal-
culate the barrier height for the same reason as the base—catalyzed
methanolysis reaction.

There are two additional solvated stationary structures, TI
(water) and TS2 (water), for water-assisted dissolution of tetrahe-

Table 6
Average activatlon free energles for the add-catalyzed and base-catalyzed methanolysis (in lcalfmel) In gas phase and solvent phase. The experimental values are glven for
comparison,
Acld-catalyzed reaction Base-catalyzed reaction Experimental value
Gas phase CPCM solvent Gas phase CPCMsolvent
Warer MeOH HF:MeOH ‘Water MeOH
No, of acyl substitens
TG -+ DG 1460 688 783 1412 233 962 1054 11.03% 117151474, 757
DG -+ MG 1469 6.08 6.86 13.16 148 1026 1086 18,445, 142° 9.94°
MGG 1540 7.10 795 1435 163 753 793 7945, 64%, 1.42°
Fosition of methanolysls
1485 573 665 1391 199 689 740
2 1198 652 709 1168 421 123 1320
3 17.12 736 839 1549 230 205 955
Overall 1485 6.54 738 13.70 316 242 1005
* HF, Hartree-Fock.
® Triacetin/methanol/H,S0, [22].
© Soybean oflfmethancl/NaOH [26].

4 Palm oll/methanol/KOH [25].
* sunflower ollfmethanal/KOH [27].
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Fig 9. Free energy reaction profile of MG1

(Re face attack of hydroxide lon) In gas phase (—, +), water (0, O) and methanol (A, x ) environments,

base-catalyzed hydrolysis
The energles of water-assisted proton transfer (+, O, x) are shown along with explicit water assoclated TI (water) and T52 (water) geometries.

dral intermediate. An explicit water molecule plays an important
role in reducing the energy barrier in this step. This finding con-
firms what previously reports by Zhan et al. [6~8]. The reaction
proceeds via this altemmative pathway with the formation of TI
structure being the rate-determining step. According to Fig. 8,
the energy barrier of 10.19 kecalfmol in water agrees well with
the experimental activation energy of 10.45 kcal/mol for the allka-
line hydrolysis of methyl acetate in pure water by Fairclough and
Hinshelwood [11]. The authors reported also that the activation
energy of the same reaction in solution containing 71.3% ethanol

in water (wfw) is 15.0 keal/mol. This indicates that the calculated
solvent effect agrees qualitatively with the experimental observa-
tion that the barrier height increases as one increase the alcohol
composition in solution.

4. Conclusions
We conducted series of DFT investigation for acid- and base-

catalyzed hydrolysis and methanolysis reactions involving in bio-
diesel synthesis by using the triacetin as a model compound.
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Two acid-catalyzed methanolysis mechanisms were proposed and
one-step mechanism with tetrahedral complex as the transition
structure was ruled out based on the experimental observation.
Then the mechanisms of 12 elementary steps of the acid- and
base-catalyzed triacetin methanolysis were studied in detail. The
calculated activation energies averaged over 12 elementary steps
for different number of acetyl groups on triacetin and for the nucle-
ophilic attacking position on the glycerol backbone are comparable
to the available experimental values. The effects of the number of
acetyl groups on triacetin and the solvent on the base-catalyzed
methanolysis agree with the experiments. The preferential attack-
ing position of methanol at the middle position of the glycerol
backbone agrees well with the NMR experiment recently con-
ducted by Jin et al. [34]. The thermodynamic trend in gas phase
generally follows the kinetic trend while in solution phase only
the kinetic trend is observed experimentally.

The gas phase activation energies of these four types of reac-
tions (see Table 6 and Figs. 6-9) support general observation found
in biodiesel production, Le. the reaction proceed faster in basic
condition, and the hydrolysis is a very important competing reac-
tion under base-catalyzed condition but is unlikely to occur under
acid-catalyzed condition. In solution phase, the activation energy
of acid-catalyzed reaction decreases, while that of base-catalyzed
reaction increases compared to the gas-phase condition. As the
barrier height of acid-catalyzed methanolysis is likely to be under-
estimated by the present DFT functional, the activation energy of
acid- and base-catalyzed reactions in solution phase could not be
directly compared. The Hartree-Fock method was employed and
found to overestimate the barrier height. The experimental activa-
tion energy was therefore found to lie in between the DFT and HF
activation energies. The reaction mechanisms reported here cover
all 12 elementary steps for converting triacetin successively to free
glycerol and three methyl acetates (or three acetic acids) and could
be further modified to include a body of heterogeneous catalysts
into account.
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Appendix A, Supplementary data

Fg. 51 showing relative stability in terms of the free energy of
transesterified species, TG+ 3MeOH, DG +2MeOH +MeOAc,
MG + MeOH + 2MeOAc, with respect to G + 3MeDAc and B3LYP/6-
31+4G(d,p) molecular geometries for all compounds considered
in this work are available in the online version at www.
sclencedirect.com.

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.theochem.2010.05.022,
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Chiral discrimination is the ability to distinguish one enantiomeric form over another. The differential binding
interaction between two molecules with the same helicity and those with the opposite helicity was investigated
by using dispersion-corrected density functional theory. [5]helicene, tetrahydro[5]helicene and the polar D-%-
A compounds, 3,12-dimethoxy-7,8-dicyano-[ 5]helicene and 3,12-dimethoxy-7,8-dicyano-tetrahydro[S]helicene
were the monomers considered in this study. In gas phase, the dimeric interaction from two helical molecules
with the opposite handedness is greater than from those with the same handedness. The stable configurations
of such dimers were identified. The most stable configuration tends to be the one with maximum contact

between monomers.

Key Words : Helicene, Dispersion-comrected density functional, Aggregate, Chiral discrimination

Introduction

Chirality is a very fundamental concept in molecular
science.' In chemistry, chirality usually arises from having
chiral center, leading to a three-dimensional structure with a
non-superimposible mirror image. The identification of the
chiral configuration is very important because compounds
with opposite chirality can have different biological activities.
The receptor site built from stereospecific molecular unit
binds with one chiral form ofhgandmﬂnrﬂunanotbﬂdue
to their complementarity.™* Such behavior is called chiral
discrimination.

Helical structures exhibit chirality although they do not
possess a chiral center, This is called helical chirality, Helical
structures with right-handed or lefi-handed helicity are
denoted P- and M—congurations, respectively.>® In this work,
we investigated the differential binding interactions between
gas-phase dimers formed from two monomers with the same
helicity and from those with the opposite helicity. We
selected [S]helicene and its derivatives as model compounds
for our study.

Helicene is a chiral ortho-annulated r-conjugated system.”
Due to its helical structure and its conjugated nature,
researchers are exploring its outstanding chirooptical pro-
perties for use as functional materials in many areas includ-
ing nonlinear optics and organic light-emitting diode appli-
cations.*'" The helicene framework can be modified by
incorporating other chemical elements or substituents.'>"
Sahasithiwat et al. modified the [SThelicene framework by
incorporating electron donor and acceptor groups.'® The
resulting D-n-A compound, 3,12-dimethoxy-7,8-dicyano-
[5]helicene, is used as an emissive material for organic light
emitting diodes. We include this compound in our study in
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addition to [S]helicene (see Fig, 1(a)) due to its polar nature.
‘We also consider tetrahydro[S]helicene and 3,12-dimethoxy-
7,8-dicyano-tetrahydro[S]helicene which possess a carbon-
carbon single bond on the 2 and 4* rings of [SThelicene in
this study (see Fig. 1(b)). These two compounds should have
a smaller n-r interaction than the original helicene due to
partial hydrogenation of the helicene framework.

Studying weakly interacting systems by quantum mech-
anical models can be a challenging task. In the case of conv-
entional ab initio methods, at least the second-order Moller-
Plesset perturbation theory (MP2) method which include
electron correlation is required for a proper description of
such systems,'”"* This approach is too expensive to be
practical for large systems like [S]helicene dimers. An
alternative approach is to use the density finctional theory
(DFT) which is nowadays the method of choice for theore-
tical investigation of chemical systems. However, even the
well-known B3LYP hybrid functional is not appropriate for
treating weak interactions because of its incorrect long-range
behavior in the exchange-correlation potential.'® Many novel
exchange-correlation functionals, such as the CAM-B3LYP™
and the Minnesota M06 and MO8 fumctionals,'™*'* have
been proposed to overcome this problem. Alternatively, a
practical approach is to include an empirical dispersion-
corrected term as originally proposed by Ahlrichs® and
developed further for DFT by Grimme,”*”® The dispersion-
corrected density functional theory (DFT-D) is a very
convenient approach, This method is well suited not only for
treating weak interaction but also for studying chemical
reactions such as isomerization reactions.”

Grimme et al. provide a clear perspective on the appli-
cations of dispersion-corrected density functional theory for
supramolecular structures, aggregates and complexes of
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Figure 1. The molecular structure of [S]helicene and tetrahydro
[5]belicene monomers and their polar 3,12~-dimethaxy-7,8-dicyano
derivatives. (a) [S]belicene, X, Y=H; 3,12-dimethoxy-7,8-di

[S]helicene, X=0Me, Y=CN. (b) Tetrahydro-[5]belicene, X, Y=H;
3,12-dimethoxy-7,8-dicyano-tetralydro{ S]helicene, X=0Me, Y=CN,

organic molecules.” Mackie and DiLabio applied the DFT-
D method to study interactions of several large polyaromatic
hydrocarbon dimers. In their implementation, the authors
optimized the carbon atom-centered effective core-type
potential to correct the long-range behavior of the exchange-
comelation potential. Good agreement in the structure and
binding energy with high-level benchmark data was observed.”*
Moellmann and Grimme investigated the dispersion effect
for predicting the molecular crystal packing of a bis-thio-
phene derivative.? The dispersion-corrected DFT model
predicts the crystal packing effect, the gas-phase structure,
and the lattice energy of RESVAN, a bis-thiophene derivative,
in good agreement with high-quality quantum chemical
methods. However, they observed a near cancellation of
intramolecular and intermolecular dispersion effects in the
solid state structure. This results in the dispersion-uncorrect-
ed DFT model yielding a more reasonable solid state
structure than the dispersi DFT model.

We selected the DFT-D model for calculating the differ-
ential binding interaction between M-M and P-M dimers
constructed from [5]helicene and its derivatives (see Fig. 1).
Our objectives are two-fold. First, several possible binding
configurations of gas-phase dimers are identified. Second,
the effect of structural modifications on the binding mode of
these compounds is investigated. By comparing the most
energetically stable form of the M-M and P-M dimers, some
information on chiral discrimination of such compounds in
gas-phase could be deduced.

There have been several reports on the chiral discrimina-
tion of helical structures including a recent review by
Amemiya and Yamaguchi.*%*! Yamaguchi et al. studied the
chemistry of 1,12-dimethylbenzo[c]phenanthrene as a chiral
building block.>? They concluded from several studies that
one helix prefers another helix with the same helicity.
Conclusions on chiral discrimination are usually drawn from
solid state crystal structure,® from folding of helical oligo-
mers or from complex formation with different molecules.*
Honzawa et al. studied the binding of 1,12-dimethylbenzo
[c]lphenanthrene, a basic [4]-helicene derivative, to right-
handed calf thymus DNA by various spectroscopic and
calorimetric techniques.” By estimating the complex formation
constant and the binding formation free energy, they observed
a higher affinity between calf-thymus DNA with the right-
handed (P)-helicene than with the left-handed (M)-helicene.
Interestingly, the enthalpic contribution favors the (M)-
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helicene more than the (P)-helicene by 2.1 kecal/mol. It
appears that the entropic contribution results in the P form
being more favorable in binding with calf thymus DNA than
the M form, When accounting for chiral discrimination from
crystal structure, there are some other factors such as
cooperative hydrogen bonding®® that play an important role
in determining the crystal packing. Murguly e al also
observed different self-assembly behaviors in the crystal and
in solution phases.*® To avoid many-body effects, therefore,
only the gas-phase aggregates were considered in our study.
‘We consider the differential interaction energy between M-
M and P-M gas-phase dimers as an indicator of chiral
discrimination,

Methods

All calculations were performed using the ORCA pro-
gram.** We consider the gas-phase helical dimers constructed
from left-handed (M)-left-handed (M) and right-handed (P)-
left-handed (M) pairs of monomers. The monomers are
[S]belicene, tetrahydro[S]helicene, 3,12-dimethoxy-7,8-di-
cyano-[5]helicene and 3,12-dimethoxy-7,8-dicyano-tetra-
hydro-[S]helicene. Several initial configurations of M-M
and P-M dimers were generated. These include, for example,
head-head, head-tail, stack, antistack, slip and perpendicular
configurations.

The geometries of dimer configurations were optimized
by using the RI-BLYP-D/def2-SV(P) and RI-BP86-D/def2-
SV(P) levels of cakulation. Due to the large system size, the
resolution of identity (RT) approximation was used to speed
up the computation, We chose Grimme’s implementation of
DFT-D which includes an empirical 1/R® term to capture the
correct van der Waals dispersion interaction between mono-
mers.”%? After the optimized configurations were identified,
single-point energy calculations were performed using the
same fimctional but with a much larger def2-TZVPP basis
set*** and with the double-hybrid B2PLYP-D/TZVP method.”’
The double-hybrid functional combines the conventional
MP?2 correction term with a hybrid functional. The Boys and
Bernardi counterpoise correction scheme was used to remove
the basis set superposition error (BSSE) in the interaction
energy.”® The optimized dimeric configurations were identi-
fied and grouped together in terms of similar converged
structures and interaction energies. The results are shown in
Tables 1-4, Only the most favorable configurations for each
dimer are shown in Figures 2(a)<(d) while all configurations
are reported in the Supplementary Information.

Results and Discussion

Table 1 reports the M-M and P-M BSSE-corrected
interaction energies of the non-polar [SThelicene dimers.
Although several configurations were initially generated, the
optimized structures fall into some dominant configurations.
The M-M [5]helicene dimers fall into stack, antistack and
slip configurations. We employed these terms to describe the
relative configuration between the two monomers in a bose
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M-M:stack P-M:twisl stack M-M:stack P-M:antistack

(a) [5]helicene dimer (b) tetrahydro[5]helicene dimer

M-M:twist antistack P-Mtwist stack M-M: twist antistack P-M:twist stack

() 3,12-dimethoxy-7,8-dicyano-[ S]helicene dimer (d) 3,12-dimethoxy-7,8-dicyano-tetrahydro[ 5]helicene dimer

Figure 2, The most stable M-M and P-M gas phase configuration of (a) [S]helicene (b) tetrahydro[S]helicene (c) 3,12-dimethoxy-7,8-
dicyano-| Slhelicene (d) 3,12-dimethoxy-7,8-dicyano-tetrahydro[ ] helicene dimers.

sense, The relative stabilities of the dimeric configurations ~ does not affect our conclusion because the most stable
from all calculation methods considered agree well withone  configuration is the stack configuration, i.e., one monomer
another. The BLYP-D method cannot locate the less impor-  above another with the end benzene rings pointing in almost
tant slip configuration while the BP86-D can. However, this  the same direction (see Fig. 2(a)). It is also the configuration

Table 1. The M-M and P-M BSSE~carrected interaction energy (in keal/mol) of [S]helicene dimers. See Figure 2a for graphical representation

BPB6-D/ BP86-DITZVPP// BLYP-Dv BLYP-DITZVFPP// B2PLYP-D/TZVP//
def2-SV(P) BPB6-D/def2-SV(F) def2-SV(P) BLYP-D/def2-SV(P) BLYP-D/def2-SV(P)
M-M
stack -153 -16.7 -13.3 -14.8 -13.8
antistack -14.0 -15.1 -12.9 -13.7 -12.6
slip -10.4 -11.6 na. na. na
P-M
twist stack -15.7 -169 -14.1 -15.1 -14.2
antistack -14.4 =153 -12.8 -136 =132
stack -138 148 =122 -13.1 -12.6
slip antistack -116 =126 -838 -2.7 -8.7
head-head =114 =126 =717 =19 =71
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found in the crystal packing.® The antistack configuration
which has the end benzene rings pointing in the opposite
direction is the next most stable form. Although the energy
difference between these two configurations is small, all
methods including the definitive B2ZPLYP-D cakulation
confirm this trend. Due to the nature of the weak interaction,
the interconversion between stack and antistack configu-
rations should be possible. The configuration with one
monomer on top of another has an increased contact area
between the two monomers and hence there is a greater
molecular interaction. To increase the molecular interaction
further, the monomer slips slightly relative to the other in
both stack and antistack configurations as a result of its
nonplanar structure.

The most stable configuration of the P-M [5]helicene
dimer is the twist stack configuration. A large degree of
relative twist between the two monomers is observed in this
configuration (see Fig. 2(a)). The monomer adopts this
arrangement to increase the contact area and reduce the
intermolecular distance. It turns out that the energetic inter-
action of the P-M [5]helicene dimer is slightly greater than
that of the M-M dimer. The B2PLYP-D model predicts a
differential binding energy of 0.4 kcal/mol This is in line
with the observation made by Honzawa e al.” In their
complex formation study between a helicene derivative and
calf thymus DNA, the enthalpic contribution to the binding
constant was shown to favor opposite helicity while includ-
ing the entropic contribution reversed the conclusion. Other
identified stable configurations include antistack, stack, slip
antistack and head-head configurations (see Supplementary
Information), Considering the stack configuration which is
found in crystal packing, the P-M dimer is less favorable
than the M-M dimer by about 1.1-1.9 kcal/mol. Our result
partly explains why helical compounds crystallize only in
the enantiomeric pure form.*

Tetrahydro[SThelicene is a molecule with partial hydro-
genation, This should reduce the n-r interaction found in
[5]helicene and trigger hydrogen-hydrogen repulsion from
saturated carbon atoms in the structure. In the case of the
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tetrahydro[S]helicene dimer, the M-M dimer prefers the
stack configuration while the P-M dimer prefers the anti-
stack configuration (see Table 2 and Fig. 2(b)). Only a
marginal difference in interaction energy between M-M and
P-M forms is observed in such compounds, The BLYP-D
method slightly favors the P-M form over the M-M form
while with the BP86-D method this difference is more
pronounced.

Comparing the [S]helicene and tetrahydro[S]helicene

dimers, both M-M forms favor the stack configuration in
which a helical monomer twists in the same direction as
the other monomer thus forming another helical twist. On
the other hand, the P-M dimer achieves maximum interaction
by twisting around its intermolecular axis. For the tetra-
hydro[S]helicene dimer, the twist leads to the antistack
configuration,
For 3,12-dimethoxy-7,8-dicyano{5Thelicene dimer, the
M-M form prefers the antistack configuration with a further
twist (‘twist antistack’, see Fig. 2(c)). The BSSE-corrected
B2PLYP-D interaction energy is about —20.4 keal/mol which
is much greater than that of [5]helicene dimer (—13.8 keal/
mol) (see Table 3). The methoxy and cyano substituents
enhance the electrostatic interaction of the dimer. A simple
electrostatic consideration also explains why the monomer
twists itself further in such a dimer. This reduces the electro-
static repulsion from substituents of the same type and
increases the attraction from substituents of the opposite
type. The less stable configurations include stack, twist stack,
slip antistack, perpendicular and slip configurations (see
Supplementary Information), Table 3 also reports the BSSE-
corrected interaction energies for each P-M dimeric configu-
ration. The P-M dimer prefers the twist stack configuration
(see Fig. 2(c)) and has an interaction energy of about -24
keal/mol. In terms of differential interaction energy, the P-M
gas-phase dimer is more stable than the M-M gas phase
dimer.

A similar trend is also observed in 3,12-dimethoxy-7,8-
dicyano-tetrahydro[ S]helicene dimer (see Table 4, and Fig.
2(d)). For the B2PLYP-D method, the binding energy of P-

Tablke 2. Tln M-M and P-M BSSE-comrected interaction energy (in kcal/mol) of tetralydro[S]helicene dimers, See Figure 2b for graphical

representation
BP86-D/ BP86-D/TZVPP/ BLYP-D/ BLYP-D/TZVPP// B2PLYP-D/TZVP//
deR2-SV(P)  BPS6-D/de2-SV(P) def2-SV(P) BLYP-D/de2-SV(P)  BLYP-D/de2-SV(P)
M-M
stack —122 -139 —143 -157 -13.4
antistack -123 -13.7 -122 -132 -118
slip -93 -104 -72 -7.6 Y
head-head -8.4 -94 -8.7 92 -84
P-M
antistack -150 -16.7 -144 -152 -13.4
stack -143 -16.1 -139 -149 -12.6
twist stack -123 -135 -123 -129 -10.8
slip stack -89 -10.1 -104 -109 -92
head-head -122 -133 -117 -12.0 -102
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Table 3. The M-M and P-M BSSE~corrected interaction energy (in keal/mol) of 3,12-dimethoxy-7,8-dicyano-[5 |helicene dimers, See Figure

2c for graphical representation
BPE6-D/ BPB6-DITZVPP/ BLYP-DY BLYP-DTZVPP// B2PLYP-D/TZVP/H
def2-SV(P) BP86-D/de2-SV(P) def2-SV(P)  BLYP-D/def2-SV(P)  BLYP-D/def2-SV(P)
M-M
twist antistack -22.3 -238 -20.5 218 -20.4
stack -188 -198 -17.1 -18.0 -17.5
twist stack -185 =-19.7 -17.3 -18.0 =170
slip antistack -21.1 -222 -15.9 -17.0 -15.5
perpendicular 90 -100 -10.8 114 -10.6
slip -112 -122 -10.6 =110 -10.6
M
twist stack -26.6 -28 -24.4 -25.8 =249
slip antistack =20.7 =221 -19.1 =202 -19.6
slip stack -15.1 =162 -14.1 =15 -15.2
stack -13.5 -143 -14 =147 -142
perpendicular -13.1 -14.7 -13.7 -14.6 -12.8
head-head -123 -12.8 -12.0 -122 -11.2
slip -28 -10.8 -10.1 -10.7 -98

Table 4. The M-M and P-M BSSE-corrected interaction energy (in kcal/mol) of 3,12-dimethoxy-7,3-dicyano-tetralrydro[ S]helicene dimers.

Sec Figure 2d for graphical representation

BP85-D/ BP86-D/TZVPP// BLYP-D/ BLYP-DITZVPP// B2PLYP-DITZVP//
def2-SV(P) BP86-D/def2-SV(P) def2-SV(P) BLYP-D/def2-SV(P)  BLYP-D/def2-SV(P)
M-M
twist antistack -214 -228 -19.8 -21.1 -17.7
twist stack -156 -17.1 -15.5 -165 -14.1
perpendicular na na. =153 -165 -14.4
stack =156 -17.4 -14.6 -157 -13.1
slip antistack na. na. =13.1 =135 =10.5
slip -13.1 -14.7 -13.3 =140 =114
head-head -9.7 =122 =110 -123 -8.1
M

twist stack -193 -21.0 -20.7 =222 -18.8
slip antistack -189 -20.8 -19.0 =20.1 -17.0
stack -149 -16.6 -14.7 -158 -134
head-head -159 -17.5 -13.6 -145 -12.6
slip stack -123 -13.7 -12.2 -125 -10.0
side twist =112 =127 =113 =120 -9.7
slip n.a, na, =113 -12.1 -10.3
perpendicular n.a. na. =19 -8.6 -6.7
M dimer is greater than that of the M-M dimer by —1.1 keal/l  zation.

mol, The most stable configuration of M-M dimer is the
twist stack while the P-M dimer prefers the twist antistack
configuration. We observe a lower differential binding inter-
action between M-M and M-P forms of tetrahydro[5]heli-
cene derivatives than in the case of the helicene derivatives.
The enhancement of the interaction energy due to the donor
and acceptor substituents is much less pronounced in this
tetrahydro[SThelicene derivative than in the [S]helicene
derivative. This might be due to the partial hydrogenation in
the helicene framework that reduces the n electron delocali-
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Some less stable configurations observed in this study,
such as the head-head configuration, have also been observed
experimentally. Murguly er al. synthesized and crystallized
the hydrogen-bonded [7]helicene. As a result of the strong
hydrogen bonding of the functional groups on the end
benzene rings, the head-head dimer is formed as an entity in
crystal packing.*

The observation that, by considering the differential inter-
action energy between M-M and P-M forms, a helical mole-
cule prefers to bind with another molecule of opposite
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handedness during gas-phase dimer formation might sound
surprising at first. However, as mentioned earlier, several
factors, such as the effects of crystal packing, substituents or
enfropic contributions, might play a role in favoring the
binding of helical molecules with the same handedness. Our
gas-phase cakulation avoids any such influences and should
give definitive energetic information on this type of dimer
formation.

Finally, after the completion of this work, it came to our
attention that favorable binding between two helical mole-
cules with opposite handedness has been reported elsewhere,*®
Xu e al. conducted dialysis experiments to obtain the
binding formation between thiahetero[7]helicene and left-
handed Z-DNA. The Z-DNA prefers binding with (P)-
helicene over (M)-helicene. Moreover, right-handed B-DNA
converts into left-handed Z-DNA upon binding with (P)-
helicene, Further investigations on the helicene-DNA systems
of Honzawa et al. and Xu ef al are being carried out in our
laboratory.

Conclusions

The gas-phase dimeric configuration of helicene derivatives
were investigated by the DFT-D method to provide
information on the differential binding interaction between
helical molecuks. In the absence of many-body effects,
[5]helicene prefers P-M over M-M binding, The P-M dimer
adopts the twist stack configuration while M-M favors the
stack configuration. On modifying the helicene framework
by partial hydrogenation, less differential binding is observed
in the tetrahydro[ S]helicene dimer, Adding electron withdraw-
ing and donating groups into the helical structure increases
the dimeric interaction, In such systems, there is a large twist
belwmonomers.'l‘hmlsto]owuelecuustahcmhlo
and increase electrostatic attraction. Our findings provide
energetic information on the chiral discrimination process.
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Klong Luang, Pathumthani 12121 Thailand
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29 April 2011
| Abstract
2 We conducted density functional calculations on Ce(IV) complexes with procaine, a local
3 anesthetic, and with its hydrolyzed products, para-amino benzoic acid (PABA) and
4 diethylaminoethanol (DEAE) to find all binding configurations and locate the most stable
5 binding configurations. This is to gain some understanding of the experiment of Youngvises
6 etal. who conducted flow-injection based colorimetric analysis of procaine by cerium(IV)
7 solution. By using the Ce(IV)F.(11:0), (m=0,1,2) model fragment to bind with organic
8 ligands, we found that the Ce(IV) binds favorably to the carbonyl oxygen with 2 bond angle
9  ofaround 165°. Energetically, the Ce(IV)/PABA complex is the most stable configuration.
10 The Ce{IVYDEAE complex is less likely to occur in solution as the predicted electronic
11 excitation disagrees with experiment. The predicted electronic excitations of the
12 Ce(IV)procaine and Ce(IV)PABA complexes fall into the same region and agree with
13 experiment. We believe that a Ce(IV) complex could initially form a complex with procaine
14 atthe carbonyl oxygen and cause ester hydrolysis leading to 2 more stable Ce(IV)PABA
15 complex in solution.
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Abstract

4-(2-pyridylazo)-N, N-dimethylaniline and 3-(2-pyridylazo)-N, N-diethylaniline, two

photoactive azoimine dyes, were prepared from the ion of 2-aminopyridine with
N.N-dialkyl-1 4-nitrosoaniline at room temperature. Structural characterizations of
these dyes using single crystal X-ray diffraction, ‘H-NMR, elemental analysis, mass
spectroscopy and IR spectroscopy have been carried out. The X-ray structure indicates
a frans configuration around the azo group. The photochemical behaviour of these
compounds differs from that of 2-phenylazopyridine, the non-dialkylamino substituent

compound. The synthesized compounds show emission specira at room lemperature

while 2-phenylazopyridine does not. The excitation spectra of these compounds differ
from their absorption spectra which can be explained on the basis of the trans to cis
photoisomerization which is supported by the TD-PBE0/6-31G(d,p) calculations. Both
oxidation of the dialkylamino substituents (-NRz; R = -Clly and —Cz11¢) and reduction
of “NaN—/=NeN-" and -NmN-"/-NaN-* were observed in the cyclic voltammogram

indicating a =-acidity of both dyes.
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Exploring Photochemistry of 2-(phenylazo)pyridine Dyve By Using

TDDFT/DFT Methods

PumthipTongyins:," herat Yooy k*, Ni k L kul*

and Yuthana Tantirungrotechai'”

'Nanoscale simulation laboratory, National Nanotechnology Center, Thailand Science Park,

Pathumthani Thailand

*Department of Chemistry, Faculty of Science, Prince of Songkla University, Songkhla
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1 Abstract
2 The non-emissive behaviour of 2-{phenylazo)pyridine, azpy, observed in the fluorescence
3 wieisomernization mechanism, By using the
4  Density Functional Theory and Time-dependent Density Functional Theory (DFT/TDDFT)
5  methods, the two-dimensional potential energy surfaces in the ground state, and the first and
6 second excited states which are relevant to the frans-to-cis isomerization were constructed.
7  The pathways related to the inversion, rotation and their concerted motion of the phenyl and
8  pyridyl groups around N=N bond were considered. The energy profiles depend not only on
9 the type of pathways but also on the moving group. The concerted inversion pathways show

10 the possibility of S,/S; and S¢S, conical intersections. The relaxation through such

11 intersections should increase the non-radiative transition rate to the extent that the compound

12 does not emit fluorescence.
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colorimetric reagent for determination of procaine hydrochloride
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Abstract
Flow injection analysis (FIA) with spectrometric detection was applied to
determine procaine hydrochloride (PR) based on a reaction of procaine and cerium

icad the red compound, The sensitivity of this

gy =

method can be increased by mixing sodium dodecyl sulfate (SDS) in the reaction
mixture. Calibration graph was linear in the range of 1-150 mg L of PR with R
0.9998. The detection limit (3S/N) was 0.75 mg L. Percentage recoveries and
percentage relative standard deviation were 100-108 and 2.9, respectively. The
proposed method was applied to determine PR in pharmaceutical preparation and
compared to USP 2004. At 95% confidence, there was no significant difference
between the results of both methods. The method should provide an accessible and eco-

friendly way 1o determine PR in typical laboratory.
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Abstract

Photochemistry offers a promising approach for detection of flunitrazepam in solutions.

Qwing to the basic structure of fluni ~ i p form istively ibits distinctive
optical properties from the deprotonated structure. Absorption and steadywstate fluorescence of
P d and de; dfl 7 with a centain condition have been investigated. The red
shift of wavelength of maximum absorption is obviously found in the protonated flunitrazepam. Its
emissve fluorescence at 472 nm has been detected in colorless spinss (vedka and tequila) at room

temperature. The 2 M perchlenic acid is the most approprated proton source. The protonated

was Iy

1zed as acridone derivative by EIMS and TDDFT calculations.
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