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Abstract

Using the potential energy surface and molecular properties obtained at the accurate
composite W1U method, time-resolved temperature- and pressure-dependent behaviors of the
thermal decomposition of g-propiolactone and g-propiolactam (for 500 — 2000 K & 0.001 — 760
torr) were charaterized using the integrated deterministic/stochastic model within the master
equation/Rice—Ramsperger—Kassel-Marcus (ME/RRKM) framework. The" integrated model
helps to confidently explain and predict the different kinetic behaviors of the two similar-ring
systems, which is consistent with experimental data, namely, S-propiolactone only decomposes
to C,H4 + CO, while g-propiolactam can form both C;H, + HNCO (main product) and CH,CO +

CH3NH (minor product).



Introduction

The small oxygen-containing ring compounds are often used in synthetic and
pharmaceutical chemistry [1-3] and can also appear as intermediates via the oxidation of
hydrocarbon radicals [4-8]. These structures exhibiting a high degree of ring strain are typically
sensitive to thermal decomposition, even at relatively low temperatures, due to their instability
[9, 10]. The cyclic ester, p-propiolactone (2-oxetanone) has been received much attention [11-
14] due to being an archetype of such small, ring-strained compounds. These studies had shown
that p-propiolactone undergoes thermal decarboxylation to form ethene (C;H,;) and carbon
dioxide (CO,) as the only products [11-13], which is _believed to take place through an
asynchronous concerted process by the theoretical investigations [15-17]. Having the similar
structure, the nitrogen analogue of f-propiolactone, p-propiolactam (2-azetidinone), is an
essential structural moiety for antibacterial activity [18, 19]. Despite their importance, there has
been only one report in the literature on the thermal decomposition of s-propiolactam, in which
C,Hy, isocyanic acid (HNCO), ketene (CH,CO) and formaldehyde (CH,O) were detected by Lim

et al. [11], using photoelectron spectroscopy (PE) method.

To our best knowledge, there is no ab initio study on the kinetics of both two of the title
reactions to_clarify/verify the previously experimental observation as well as give more in-depth
understanding of the kinetic behaviors for two decomposition reactions of s-propiolactone and /-
propiolactam - two small presented lactone and lactam families. Therefore, in this study, we
carried out highly accurate ab initio calculations and state-of-the-art combined deterministic and
stochastic statistical rate theory in the framework of RRKM/ME to provide reliable and

comprehensive Kinetic/thermodynamic data for the two title reactions in a wide range of



conditions. It is hoped to provide a detailed picture about the decomposition in order to control

and optimize the applications of the two substances and related species.

Computational Details

All geometry structures of reactants, products and TSs were obtained at B3LYP/cc-
pVTZ+d level of theory [20-22]. The calculated B3LYP/cc-pVTZ+d vibrational frequencies with
the scaling factor of 0.985 [23-25] were used to calculate the zero-point energy (ZPE)
corrections in the calculations of thermochemical properties. To estimate the accuracy of energy,
we used Martin’s W1U composite method [23-25] to approximate infinite-basis-set CCSD(T)
whose procedure can be found in the work of Széri et al. [26]. For all transition states, intrinsic
reaction coordinate (IRC) [27, 28] calculations were also carried out at the B3LYP/cc-pVTZ+d
to confirm the correct minima. The results obtained from W1U calculations, were then compared
with less accurate composite methods such as CBS-QB3 [29], CBS-APNO [30], G3 [31] and G4
[32] levels of theory. All these calculations were performed by the Gaussian 09 quantum
chemistry package [33].

Thermodynamic-and Kinetic analyses, using both deterministic and stochastic models,
were carried out using the Multi-Species Multi-Channels (MSMC) code [34] accompanied with
the aid of thee MSMC-GUI [35], with updates and enhancements in stochastic profiles simulation
and rate constant extraction. In the calculations, overall rotations were treated classically and
vibrations were treated quantum mechanically within the harmonic oscillator (HO)
approximation and the tunneling effect was treated using the 1-D Eckart model [36]. The energy-

transfer process was computed on the basis of the exponential-down model with

0.8
(E >: 250.0x T cm™ for N, as the bath gas [37]. The Lennard-Jones (L-J) parameters
down 298



elKy = 71.4 K and & = 3.798 A were used for N, [38] while &/Kg =357 K and o = 5.18 A

were taken from the data of furan (C4HsO — M = 68) [39] to represent both S-propiolactone
(CsH402 — M = 72) and p-propiolactam (CsHsNO — M = 71). To investigate the significance of
the variational effects, the canonical Variational TST (cVTST) calculations were carried out for
all reaction channels. Specifically, for each reaction channel at a specific temperature, the high-
pressure rate constants k™ for a set of N variational transition states (VTS) along the reaction

coordinate were calculated and the canonical variational TST rate constant was defined as
k™" (T) = min {Kk*" (T),i =1..N | with the extrapolation using the cubic spline method [40]. The

value of N was chosen so that a converged result (less than 1% difference) was obtained between

the two consecutive calculations, N and (N + 1).

Results and Discussion

The S-propiolactone and S-propiolactam molecules can decompose via two 4-membered-
ring transition states (TS1, TS2 from pg-propiolactone and TS3, TS4 from pg-propiolactam,
respectively) to form C,H4 + CO, (P1), CH,CO + CH,0O (P2), C,H; + HNCO (P3) and CH,CO
+ CH;NH (P4), respectively, presented in Figure 1 and Figure S1 in the accompanied

Supplementary Information (SI) material.
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Figure 1: Potential energy surface (+ ZPE correction) of possible channels for the unimolecular
decomposition reactions of S-propiolactone — products (right) and g-propiolactam — products
(left) at W1U level of theory. Values in the parentheses are from the work of Lim et al. [11]. All
values are in kcal/mol.

The optimized geometries are consistent with those of the literature data with average
errors of ~ 0.1 A and ~ 1° in bonds and angles, respectively. In particular, the geometries of the
TS1, TS2 and TS3 obtained at the B3LYP/cc-pVTZ+d level in this study are very similar to the
values obtained from the lower method, B3LYP/6-31G**, reported by Lim et al. [11]; however,
there is a large difference between our calculated geometries and Lim’s data [11] in TS4 with
maximum errors of ~ 0.2 A and ~16° in bonds and angles, respectively, shown in Figure S2, that
leads to the maximum difference of the energy of TS4 between the calculated results and Lim’s
data [11] being about 10.2 kcal/mol. It is expected due to the small basis set, namely, 6-31G**
used in the Lim’s calculations [11] and the IRC calculations, depicted in Figure S3, were
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performed on all TSs to verify our reliable results. The harmonic vibrational frequencies
provided in the Table S1 are slightly higher than those available in the literature. For the sake of
simplification, Figure 1 also presents the ZPE-corrected energy obtained from W1U calculations
as “benchmark accuracy” [41] and those literature data available. The energies computed at
W1U match excellently with those of the other methods except for the calculated data of Lim et
al. [11] who employed a small basis set, namely, 6-31G** as discussed above (cf. Table 1). Our
analysis herein suggests the W1U energetic profiles accompanied with the geometry and
frequency information from B3LYP/cc-pVTZ+d can be considered as the most accurate data

available for detailed kinetic analysis.



Table 1: Relative energies (in kcal/mol) to each reactant of the species involved and the
corresponding transition states at different levels of theory at 0 K. The zero-point energy (ZPE)

correction was included.

C,H, + CO, CH,CO + CHy + CH,CO +
Method TS1 TS2 TS3 TS4

(P1) CH,O (P2) HNCO (P3) CH,NH (P4)

wiut 40.6 559 512 539 -15.5 28.0 6.3 31.7
CBS-

APNOY 39.8 550 505 52.7 -14.7 28.6 6.4 32.3
CBS-QB3®  40.6 554 51.2 52.9 -15.0 28.1 6.6 32.0
G3d 39.6 549 50.2 523 -16.1 27.7 5.3 31.0
G4 40.4 557 50.6 53.0 -16.1 27.5 5.5 30.8
Ref.l 38.1 537 49.1 64.1 -13.8 27.4 7.1 31.6

[ This work; I from the study of Lim et al. [11], calculated at B3LYP/6-31G** level of theory.

The calculated thermodynamic properties including heat of formation (AH?®) and
entropy (S*®) for the species involved were compared to the literature data, shown in Table 2, in
an attempt to evaluate the reliability of our computed numbers. In general, the calculated values
are very consistent with the literature data (e.g., the differences are normally less than 0.5
kcal/mol and 1.0 cal/mol-K for AH#*® and s2¢¢, respectively, when compared to the ATcT data
and less than 1.5 kcal/mol and 0.2 cal/mol-K for AH#® and S$2%, respectively, when compared
to the NIST data). Therefore, more confidence has been gained in our calculated data which were

derived from a solid framework as presented previously.

As mentioned previously, the variational effects were also investigated for all reaction
channels (cf. supplementary Figure S9). In particular, the effects were found not important for all
channels (e.g., the mean absolute deviation between k™" and k™" is 8.2 and 16.0 % for the
important channels via TS1 and TS3, respectively); therefore, no effort was made to include the

variational effects in the pressure analysis. Moreover, due to the limitation of the MSMC code,
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only the 1-D Eckart model was used to investigate the tunneling effect (cf. supplementary Figure
S10) which is shown not so important (i.e., the tunneling factors are small with the maximum
value of 2.7 for channel P1 at 300 K). The use of the simple model instead of the
multidimensional tunneling treatments such as small-curvature tunneling (SCT) and. large-
curvature tunneling (LCT) might introduce some uncertainty to the calculated rate constants and
the product branching ratios at temperature lower than 500 K; therefore, the valid temperature

range for the calculated rate constants in this study is from 500 to 2000 K.

Table 2: Comparison of calculated thermodynamic properties of selected structures (only
species for Kkinetic analysis) from the title reaction with experimental data (NIST= Webbook
NIST, webbook.nist.gov, ATcT = Active Thermochemical Tables [42, 43]©). Unit: AH;*® ¥ in

keal'mol™, S?*Kin cal'mol - K™,
Species Method AH?K S
B-propiolactone Ab initio -68.6 68.4
O
NIST -68.4 [44] 68.4 [45]
——O
S-propiolactam Ab initio™ -24.5 70.2
(@]
NIST N/A N/A
——NH
TS1 Ab initio™ -27.7 71.0
TS2 Ab initio™ -12.2 71.4
TS3 Ab initio™ 27.0 72.7
TS4 Ab initio™ 29.3 70.1
X Ab initio™ 12.2 52.4
(ezth 4Iene) ATcTH 12.6 52.4
y NIST 12.5 [46] 52.4 [46]
5 Ab initio™ -94.8 51.2
(carzbon dioxide) ATCT® -94.0 oL.1
NIST -94.1[46] 51.1[46]
CH,CO Ab initio™ -11.4 57.8
(ketene) ATcTH -11.6 60.1




NIST (-11.4 £ 0.4) [47] 57.8 [45]

Ab initio™ -26.6 52.3

goHrzrgal P ATCT -26.1 52.3
Y NIST -27.7 [46] 52.3 [46]

_ Ab initio™ -28.9 57.1

(Fi's'\'ofgacr’]ic ~cid) ATCTH 28.3 56.9
NIST -24.3 [46] 56.9 [46]

_ Ab initio™ 20.8 54.4

E:r:]_'ezt;lglnl_i'mine) ATCTE 20.2 53.0

NIST (16.0 + 2.0) [48] N/A

@ Values collected from Burcat’s online database,
http://garfield.chem.elte.hu/Burcat/burcat.html (access date: August 2016);

51 This work at W1U level. aH; was calculated by atomization method.

The pressure- and temperature-dependent analyses were carried out using the potential
energy surface and molecular properties calculated at W1U level. In particular, both
deterministic [34] and stochastic [49] simulations were independently performed within the
ME/RRKM framework, implemented and updated in MSMC code [34], to predict the time-
resolved species profiles from ~which macroscopic rate coefficients were extracted.
Representatively, Figure 2 shows the normalized time-resolved profiles for two substances (5-
propiolactone and S-propiolactam) and products (C,H4 + CO, (P1), CH,CO + CH,O (P2) and
C;Hs + HNCO (P3), CH,CO + CH;NH (P4) from p-propiolactone and p-propiolactam,
respectively) at 500 K and 760 torr. It can be seen that the stochastic method even at moderately
trial number of ten thousand, is able to predict the profiles which are indistinguishable with those
obtained from the deterministic framework (using double precision diagonalization procedure).
Details of the stochastic simulations at different conditions were presented in supplementary
Figure S4. For p-propiolactone, the calculated time-resolved profiles showed that the only main
product channel is C,H, + CO, (P1) for the whole T&P range (cf. Figure S4 (a-d)). The other

product, CH,CO + CH,0 (P2), does not play a role even at high temperature and high pressure
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due to its high barrier (~15 kcal/mol higher than that of P1, cf. Figure 1). On the other hands, /-
propiolactam can decompose to both C,H, + HNCO (P3, dominant channel) and CH,CO +
CHy;NH (P4, minor one). Channel P3 is more favorable at low temperature and low pressure
while channel P4 shows its role at high temperature (cf Figure S4 (e-h)) with the barrier
difference of ~2.7 kcal/mol. The finding is consistent with the previous experimental observation

[11].
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B-propiolactone — products

(a) (T =500 K & P = 760 torr)
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Figure 2: Time-resolved species profiles for the unimolecular decomposition of g-propiolactone

(a) and g-propiolactam (b) at 500 K and 760 torr using the stochastic (with different numbers of

trials of 100 and 10000) and deterministic approaches.
It is noted, however, that our eigenpair analysis showed that a mixing in eigenvalue

spectrum, between the fastest chemically significant eigenvalue (CSE) and the slowest internal

energy relaxation eigenvalue (IERE), where the difference is less than 1 order of magnitude,
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occurs at around T > 1500 K with P = 0.001 torr, T > 1800 K with P =100 torr and T > 1500 K
with P = 0.001 torr, T > 2000 K with P = 100 torr for p-propiolactone and g-propiolactam,
respectively (c.f. Figure S8), thus the CSE approach cannot be used to derive the
phenomenological rate constants for conditions. Alternatively, the stochastic model is the
method of choice to obtain reliable results but with a sufficiently large number of trials as
discussed previously. In short, we have demonstrated that the two approaches, deterministic and
stochastic, were systematically carried out within the solid ME/RRKM framework to
complement each other in an endeavor to have more confidence in capturing the correct
chemistry/physics of these reactions for any condition of interest.

The calculated temperature- and pressure-dependent rate coefficients k(T, P) were
tabulated in Table S2 and plotted in Figures 3 and S5. It was noticed that pressure has a minor
effect on these channels (e.g., the fall-off curves are not quite noticeable). The fall-off regions,
however, shifted to the high pressure with temperature and these regions become more
noticeable at high temperature (e.g., T > 800 K), which is the same behavior observed for the
thermal decomposition of acetic anhydride [50]. The kinetic and thermodynamic data in the
Chemkin format were compiled in the supplementary Tables S2 & S3 in order to facilitate
reactor modeling/simulation using this sub-kinetic model. As seen in Figure 4, our calculated
rate coefficients, k(T, P), for p-propiolactone — C,H; + CO, (Rxn. 1), are in very good
agreement with the experimental data measured by James and coworkers [12] (James 1969);
Frey and coworkers [13] (Frey 1985) and Santioste Bermejo [14] (Santiuste 1987) at different
pressures as a function of temperatures (e.g., ratios of the rate values of James [12] and Santioste
[14] to the calculated ones are 1.1 and 1.2 at T=500 K & P =10 torrand T =575 K & P = 100

torr, repectively).
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Figure 3: Calculated rate coefficients for the unimolecular decomposition of S-propiolactone (a)
and S-propiolactam (b-c) as a function of pressure at different temperatures (i.e., 500, 800, 1000,

1500 and 2000 K). Only the important reaction pathways are shown here.
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B-propiolactone — C,H, + CO, (P1)
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Figure 4: Comparison between calculated and experimental rate coefficients as a function of
temperature at different pressures for S-propiolactone — C,H; + CO, (Rxn. 1). Experimental

data are from the work of James and coworkers [12] (“James 19697, P = 3.6 — 15.5 torr); Frey
and coworkers [13] (“Frey 1985”, P. = 0.1 — 6.0 torr) and Santioste Bermejo [14] (“Santiuste
19877, P = 30.0 — 272.3 torr).

The branching ratio of the two decomposition channels from g-propiolactone (P1:P2)
basically remains unchanged with temperature (e.g., ~ 99.9:0.1 and 99.8:0.2 at T =500 Kand T
= 2000 K, respectively, for P = 0.001 torr, cf. Figure S6), while that from p-propiolactam
(P3:P4) decreases noticeably with temperature (e.g., ~ 99.3:0.7 and 96.7:3.3 at T =500 K and T
= 2000 K, respectively, for P = 0.001 torr). Note that the high-pressure branching ratios were
also plotted in Figure S7. It is found that pressure does not play a role for P1:P2 ratio but P3:P4
(e.g., the P3:P4 ratio is 99.3:0.7 and 97.8:2.2 at P = 0.001 and 100 torr, respectively, for T = 500
K, cf. Figure S6). These observations on the effects of temperature and pressure on the
mechanisms are consistent with the detailed PES provided in Figure 1 in which the barrier height
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differences between the two channels for each system is noticeably different as discussed
previously. Our calculated results including the branching ratios and the time-resolved species
profiles confirm the observation in the previous experiment [11] that these authors only detected
CyHs + CO; (P1) and CyH4 + NHCO (P3); CH,CO + CH;NH (P4) when decomposed of f-

propiolactone and S-propiolactam, respectively.

Conclusions

In this study, the unimolecular decomposition reactions of S-propiolactone and p-
propiolactam were investigated using highly accurate composite W1U method and modern
deterministic/stochastic RRKM/ME statistical rate models. The results show that S-propiolactone
can only form C,H, + CO; (P1) (e.g., accounting for more than 99.9 % at T < 2000 K and P =
100 torr); while p-propiolactam can decompose to C,H; + HNCO (P3) as a dominant channel
(accounting for more than 97.8 % at T < 500 K and P = 100 torr) and minor product, CH,CO +
CH;NH (P4) (accounting for less'than 8.2 % at T < 2000 K and at P = 100 torr). The
temperature-pressure dependent rate constant calculations based on the RRKM/ME solutions
were found to be in _excellent match with limited experimental data, which significantly
confirm/verify the experimental observation and the available measurements; thus the calculated
rates can be confidently used to describe the evolution of the two systems for the broad range of

conditions (T =500 — 2000 K and P = 0.001 — 760.0 torr).
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Highlights

e Thermal decomposition mechanisms of g-propiolactone and S-propiolactam were studied
with the accurate composite W1U method.

e Time-resolved temperature- and pressure-dependent behaviors of the title reactions were
characterized using the integrated deterministic and stochastic model within the
framework of master equation/Rice—Ramsperger—Kassel-Marcus (ME/RRKM).

e Calculated numbers are in excellent agreement with scatter experimental data.

e A detailed kinetic sub-mechanism, consisting of thermodynamic and kinetic data in
Chemkin format, was provided for the range of 500-2000 K and 0.001-760 torr.
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