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Global minimum search. The search for global minimum of various conformations was 

carried out by TURBOMOLE program.1 Ab initio molecular dynamics (AIMD) was used 

to generate possible conformations at the B-LYP/Def2-SV(P) level, with resolution-of-

the-identity (RI) used to accelerate the computation.2 During the generation of 

conformations, temperature (T) was set as 500 K and simulation steps were set as 5000. 

Other parameters for AIMD were adopted as reported by Li et al.3 Among 5000 

conformations generated from AIMD, about 30 representative conformations were 

selected for further optimization and calculation of the single point energy. The 

conformation with the lowest energy was chosen for further calculations. 

 

Energy calculation. Gibbs free energies (G) for all structures were calculated by 

combining the single point energies at the B3LYP/6-311++G(3df,2pd) level and Gibbs 

free energy correction terms at the B3LYP/6-311++G(2d,2p) level. Energies (E) for 

carboxylic acid esters were calculated by combining the single point energies at the 

B3LYP/6-311++G(3df,2pd) level and zero point energy correction terms at the B3LYP/6-

311++G(2d,2p) level. Activation energy (Ea) values were calculated by the difference 

between E of reactants and E of transition states of rate-determining steps. G relates 

enthalpy (H) and entropy (S) contributions by ΔG = ΔH – TΔS, and H relates E by ΔH = 
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ΔE + pV, where T is temperature, p is pressure, and V is volume of system. 

 

∆G‡ correction. During the DFT calculations, the aqueous molar standard state was 

considered for all reactions. Due to the change in standard state from 1 atm to 1 M aqueous 

standard state, the calculated ∆G‡ was corrected by adding 7.9 kJ·mol-1 for the reaction 

type of A → B + C, and reducing 7.9 kJ·mol-1 for the reaction type of A + B → C.4,5 

 

Descriptor calculation in QSAR modeling. The molecular descriptors of sub-structures 

of PAE molecules were calculated by Gaussian 09 software6 and Dragon software (6).7 

With DEP as an example, its molecular structure is: 

 

If considering the C7 side chain of DEP, the descriptors for R1 was calculated based on 

the optimized structure as follows: 

 

The descriptors for the leaving-group was calculated based on the optimized structure 

as follows: 

 

Chemical hardness (η) of molecules was defined by ionization potential (IP) and 

electron affinity (EA), η = (IP – EA)/2.8 

 

List of molecular descriptors. The quantum chemical descriptors6 include: partial 

atomic charges, energy of the highest occupied molecular orbital, energy of the lowest 

unoccupied molecular orbital, chemical hardness, chemical softness, electronegativity, 

electrophilic index, polarizability, electron affinity, bond order, and dipole moment. 

The Dragon molecular descriptors7 include: constitutional descriptors, ring descriptors, 

topological indices, walk and path counts, connectivity indices, information indices, 2D 

matrix-based descriptors, 2D autocorrelations, burden eigenvalues, edge adjacency 

indices, geometrical descriptors, 3D matrix-based descriptors, 3D autocorrelations, radial 

distribution function descriptors, weighted holistic invariant molecular descriptors, 



 

Supporting Information 

S4 
 

geometric topological and atomic weighted assembly descriptors, randic molecular 

profiles, functional group counts, atom-centred fragments, atom-type e-state indices, 2D 

atom pairs, 3D atom pairs, charge descriptors, molecular properties, and drug-like indices.  

 

Standardization of predictor variables. In QSAR modeling, all values of molecular 

descriptors were standardized by the following formula (1), so as to eliminate the 

influence of unit and data range of different descriptors. 

* x min
x

max min





                         (1) 

where x is the original value, x* is standardized value, max is the maximum value of values 

corresponding to the descriptor, min is the minimum value of values corresponding to the 

descriptor. 

 

Evaluation of discriminant model. The performance of discriminant model was 

evaluated by the equations (2) – (6).9 
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where TP represents true positive; TN represents true negative; FP represents false 

positive; FN represents false negative. In this study, PAEs with departure of leaving-

groups as rate-determining steps were classified as positive class, and PAEs with 

nucleophilic attack of OH‾ on the ester bonds as rate-determining steps were classified as 

negative class. 

 

Characterization of applicability domain of QSAR models. The applicability domain 

of the QSAR models involved in the present study were characterized by the Williams 

plot.10 The standardized residuals (δ), leverage (h) values and warning leverage (h*) 
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values were calculated as follows: 
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                    (7) 

h = xi
T(XTX)

-1
xi                         (8) 

h* = 3(p + 1)/ntra                        (9) 

where yi and ŷi are the experimental/DFT calculated values and QSAR predicted values 

for the i-th compound, respectively; n is the number of compounds; p is the number of 

descriptors; xi is the descriptor vector of the compound; X is the descriptor matrix; ntra is 

the number of compounds in the training sets.  

 

Table S1. Experimental kB values of PAEs and Ea values of carboxylic acid esters 

Name Ea (kcal·mol-1) kB (mol-1·L·s-1) 

DMP - (6.9 ± 0.3) × 10-2 

DEP - (2.5 ± 0.2) × 10-2 

DBP - (1.0 ± 0.05) × 10-2 

DIBP - (1.4 ± 0.2) × 10-3 

DEHP  5.09 × 101 

formic acid methyl ester 9.81 - 

acetic acid methyl ester 12.20 - 

acetic acid ethyl ester 12.00 - 

acetic acid butyl ester 14.30 - 

acetic acid propyl ester 12.20 - 

 

Table S2. Comparison of logkB (mol-1·L·s-1) calculated by B3LYP and M062X 

functioanls and experimental logkB for DMP, DEP, DBP, and DIBP, respectively. 

  ∆G‡ (kJ·mol-1) vi
‡ logkB-DFT logkB-exp 

DMP B3LYP 57.10 -169.17 3.10 -1.16 
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  ∆G‡ (kJ·mol-1) vi
‡ logkB-DFT logkB-exp 

M062X 28.78 -231.68 8.15 

DEP 

B3LYP 79.39 -206.79 -0.80 

-1.60 

M062X 53.01 -281.43 3.98 

DBP 

B3LYP 77.27 -201.45 -0.43 

-2.00 

M062X 55.35 -274.26 3.58 

DIBP 

B3LYP 94.22 -202.61 -3.40 

-2.85 

M062X 57.16 -251.36 3.26 

DEHP 

B3LYP 64.68 -187.33 1.77 

1.71 

M062X 30.13 -180.05 7.82 

 

Table S3. Comparison between logkB-DFT calculated with different types of IEFPCM 

and experimental logkB-exp for DEP 

 ∆G‡ (kJ·mol-1) logkB (mol-1·L·s-1) 

B3LYP/6-311++G(2d,2p)/UFF 84.65 -0.80 

B3LYP/6-311++G(2d,2p)/Pauling 111.39 -6.42 

B3LYP/6-311++G(2d,2p)/Bondi 101.75 -4.74 

Experimental value - -1.60 

 

Table S4. Effects of explicit water molecules on the base-catalyzed hydrolysis of DEP  

 None 1 H2O 2 H2O 3 H2O 
Experimental 

value 

∆G‡
TS1 (kJ·mol-1) 64.71 73.34 59.67 58.94 - 

∆G‡
TS2 (kJ·mol-1) 79.39 74.42 62.42 52.05 - 

logkB (mol-1·L·s-1) -0.80 0.06 2.16 2.47 -1.60 
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Table S5. Errors in the calculated ΔG‡ 

 DMP DBP DIBP DEHP DEP 
DEP 

(1H2O) 

DEP 

(2H2O) 

DEP 

(3H2O) 

Error 

(kJ·mol-1) 
22.50 7.13 -4.52 -4.69 2.61 7.58 19.58 23.06 

 

Table S6. ∆G‡ values of TS1 and TS2 for 25 PAEs calculated at the IEFPCM/B3LYP/6-

311++G(2d,2p) level 

Name ∆G‡
TS1 (kJ·mol-1) ∆G‡

TS2 (kJ·mol-1) 

DMP 57.10 43.03 

DEP 64.71 79.39 

DPP 64.38 85.02 

DAP 68.90 80.36 

DBP 64.61 77.27 

DIBP 73.39 94.23 

DNPP 66.26 81.58 

BMPP 66.25 79.89 

DNHP 64.52 79.19 

DIHP 65.21 81.96 

DEHP 64.68 47.79 

DIOP 64.53 83.25 

DNOP 57.93 77.00 

DINP 65.41 73.36 

DIDP 63.01 80.50 

DUP 65.63 70.02 

DIUP 68.11 77.53 
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Name ∆G‡
TS1 (kJ·mol-1) ∆G‡

TS2 (kJ·mol-1) 

DTDP 50.92 45.04 

DCP 74.18 83.52 

OBOP_C7 68.24 81.81 

OBOP_C9 80.82 93.28 

BDP_C7 63.10 78.24 

BDP_C9 70.26 67.37 

ODP_C7 71.13 71.37 

ODP_C9 63.97 72.70 

BCP_C7 65.47 82.33 

BCP_C8 75.92 80.34 

BBP_C7 70.22 61.69 

BBP_C9 55.66 68.69 

DPHP 73.27 91.14 

 

Table S7. Half-lives (t1/2) of PAEs 

PAEs 

t1/2 (hours) 

pH 7 pH 9 pH 11 

DCP 6.52   104 6.52   102 6.52   100 

BCP 2.50   104 2.50   102 2.50   100 

DEP 1.23   104 1.23   102 1.23   100 

DIBP 4.89   106 4.89   104 4.89   102 

DBP 5.22   103 5.22   101 5.22   10-1 

DNHP 1.14   104 1.14   102 1.14   100 



 

Supporting Information 

S9 
 

PAEs 

t1/2 (hours) 

pH 7 pH 9 pH 11 

BBP 2.15   102 2.15   100 2.15   10-2 

DIDP 1.92   104 1.92   102 1.92   100 

BDP 5.96   102 5.96   100 5.96   10-2 

DEHP 3.27   101 3.27   10-1 3.27   10-3 

DNOP 4.69   103 4.69   101 4.69   10-1 

DTDP 1.30   10-1 1.30   10-3 1.30   10-5 

ODP 6.15   102 6.15   100 6.15   10-2 

DMP 1.54   100 1.54   10-2 1.54   10-4 

DPP 1.20   105 1.20   103 1.20   101 

DAP 1.83   104 1.83   102 1.83   100 

DNPP 2.97   104 2.97   102 2.97   100 

DIOP 5.83   104 5.83   102 5.83   100 

DUP 2.80   102 2.80   100 2.80   10-2 

OBOP 6.59   104 6.59   102 6.59   100 

DINP 1.08   103 1.08   101 1.08   10-1 

DIUP 5.80   103 5.80   101 5.80   10-1 

DPHP 1.41   106 1.41   104 1.41   102 

DIHP 3.48   104 3.48   102 3.48   100 

BMPP 1.53   104 1.53   102 1.53   100 
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Table S8. Influence of alkyl side chain type on hydrolysis kinetics of PAEs 

Number of C atoms 

in R groups 
PAEs 

kB-DFT or kB_side chain 

(mol-1·L·s-1) 

4 C atoms 

DIBP 3.94 × 10-4 

DBP 3.69 × 10-1 

6 C atoms 

BMPP 1.26 × 10-1 

DNHP 1.69 × 10-1 

8 C atoms 

DIOP 3.30 × 10-2 

DNOP 4.10 × 10-1 

10 C atoms 

DPHP 6.84 × 10-4 (logkB_side chain) 

BDP_C9 side chain 3.11 × 100 (logkB_C9) 

ODP_C9 side chain 1.16 × 100 (logkB_C9) 

13 C atoms 

DIUP 3.32 × 10-1 

DTDP 1.50 × 104 

 

Table S9. Values of molecular descriptors in models 

PAEs D1 D2 D3 D4 D5 D6 D7 

DINP -0.105 -0.269 0.989 0.0977 2.00 9.00 - 

BDP_C9 -0.127 -0.271 0.990 - - - 322 

DBP -0.108 -0.272 0.989 0.0990 0.00 4.00 - 

DEP -0.110 -0.272 0.990 0.0992 0.00 2.00 - 

BDP_C7 -0.104 -0.269 0.990 0.0979 0.00 4.00 - 

BBP_C7 -0.123 -0.265 0.992 - - - 322 

BCP_C7 -0.108 -0.271 0.990 0.0990 0.00 4.00 - 

DCP -0.112 -0.271 0.990 0.0993 0.00 6.00 - 
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PAEs D1 D2 D3 D4 D5 D6 D7 

DIHP -0.107 -0.270 0.990 0.0980 2.00 7.00 - 

DPHP -0.104 -0.269 0.990 0.101 2.00 10.0 - 

ODP_C7 -0.127 -0.272 0.989 0.0977 0.00 8.00 - 

DIBP -0.113 -0.272 0.990 0.0993 2.00 4.00 - 

DUP -0.123 -0.271 0.990 0.0978 0.00 11.0 - 

DIOP -0.104 -0.270 0.990 0.0979 2.00 8.00 - 

DNPP -0.101 -0.270 0.989 0.0977 0.00 5.00 - 

DAP -0.108 -0.272 0.990 0.0975 0.00 1.00 - 

BCP_C8 -0.118 -0.272 0.990 0.0990 0.00 6.00 - 

DMP -0.129 -0.271 0.988 - - - 176 

DTDP -0.124 -0.270 0.988 - - - 567 

DNOP -0.105 -0.272 0.990 0.0980 0.00 8.00 - 

DIDP -0.101 -0.269 0.990 0.0981 2.00 10.0 - 

DNHP -0.100 -0.270 0.988 0.0982 0.00 6.00 - 

BBP_C9 -0.110 -0.270 0.992 0.0945 0.00 1.00 - 

ODP_C9 -0.106 -0.270 0.989 0.0977 0.00 10.0 - 

BMPP -0.101 -0.269 0.987 0.0977 2.00 6.00 - 

DIUP -0.106 -0.270 0.990 0.0978 2.00 13.0 - 

DPP -0.106 -0.272 0.990 0.0992 0.00 3.00 - 

DEHP -0.122 -0.269 0.987 - - - 405 
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Figure S1. Linear correlation between DFT calculated values at 

IEFPCM(UFF)/B3LYP/6-311++G(2d,2p) level and corresponding experimental values  

(The solid lines are fitted by least-squares analysis; the dashed lines are the reference lines 

with slope = 1). 

 

 

Figure S2. (A) Plot for predicted ΔG‡
TS2-ΔG‡

TS1 values versus DFT calculated ΔG‡
TS2-

ΔG‡
TS1 values; (B) Williams plot indicating applicability domain of the discriminant 

model (3). 

 

 

Figure S3. (A) Plot for model (4) predicted logkB_side chain values versus DFT calculated 

and experimental logkB_side chain values; (B) Williams plot indicating applicability domain 
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of the QSAR model (4). 
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Figure S4. Plot for model (5) predicted logkB_side chain values versus DFT calculated and 

experimental logkB_side chain values. 

 

 

Figure S5. Procedure of predicting kB values of PAEs (TS1 represents nucleophilic attack 

of OH‾ on ester bonds, TS2 represents departure of leaving-groups, ΔG‡ represents Gibbs 

free energy difference between TS and reactants, kB_side chain represents second-order rate 

constants for base-catalyzed hydrolysis of one side chain in PAEs, kB represents second-

order rate constant for base-catalyzed hydrolysis). 
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Figure S6. Schematic free energy surfaces for base-catalyzed hydrolysis of the PAEs 

calculated at IEFPCM/B3LYP/6-311++G(2d,2p) level [The total energy of the reactants 

and OH‾ is set to zero (reference state). The symbols “IM1, TS, IM2, P” refer to pre-

reactive complexes, transition states, intermediates and products involved in the reaction, 

respectively] 
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Figure S6. Schematic free energy surfaces for base-catalyzed hydrolysis of the PAEs 

calculated at IEFPCM/B3LYP/6-311++G(2d,2p) level [The total energy of the reactants 

and OH‾ is set to zero (reference state). The symbols “IM1, TS, IM2, P” refer to pre-

reactive complexes, transition states, intermediates and products involved in the reaction, 

respectively] 
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Figure S6. Schematic free energy surfaces for base-catalyzed hydrolysis of the PAEs 

calculated at IEFPCM/B3LYP/6-311++G(2d,2p) level [The total energy of the reactants 

and OH‾ is set to zero (reference state). The symbols “IM1, TS, IM2, P” refer to pre-

reactive complexes, transition states, intermediates and products involved in the reaction, 

respectively] 

 

 

DMP-TS1          DMP-TS2          DEP-TS1         DEP-TS2 

 

DPP-TS1           DPP-TS2          DAP-TS1          DAP-TS2 

Figure S7. Structures of transition states (TS) of PAEs 
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DBP-TS1           DBP-TS2          DIBP-TS1         DIBP-TS2 

 

DNPP-TS1          DNPP-TS2          BMPP-TS1       BMPP-TS2 

 

DNHP-TS1          DNHP-TS2          DIHP-TS1       DIHP-TS2 

 

DEHP-TS1          DEHP-TS2          DIOP-TS1        DIOP-TS2 

 

DPHP-TS1          DPHP-TS2          DNOP-TS1       DNOP-TS2 

 

DINP-TS1          DINP-TS2           DIDP-TS1        DIDP-TS2 

Figure S7. Structures of transition states (TS) of PAEs 
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DUP-TS1          DUP-TS2           DIUP-TS1        DIUP-TS2 

 

DTDP-TS1          DTDP-TS2         DCP-TS1        DCP-TS2 

 

     OBOP-C7-TS1      OBOP-C7-TS2    OBOP-C9-TS1      OBOP-C9-TS2 

 

BDP-C7-TS1       BDP-C7-TS2       BDP-C9-TS1       BDP-C9-TS2 

 

ODP-C7-TS1       ODP-C7-TS2       ODP-C9-TS1       ODP-C9-TS2 

 

BCP-C7-TS1       BCP-C7-TS2       BCP-C8-TS1       BCP-C8-TS2 

Figure S7. Structures of transition states (TS) of PAEs 
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BBP-C7-TS1       BBP-C7-TS2        BBP-C9-TS1        BBP-C9-TS2 

Figure S7. Structures of transition states (TS) of PAEs 

 

             

DEP-1H2O-TS1                    DEP-1H2O-TS2 

             

DEP-2H2O-TS1                    DEP-2H2O-TS2 

             

DEP-3H2O-TS1                    DEP-3H2O-TS2 

Figure S8. Structures of transition states (TS) of DEP with 1 - 3 explicit water molecules 
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Figure S9. Intrinsic reaction coordinate (IRC) calculation results of the transition states 

(TS) of PAEs calculated at IEFPCM/B3LYP/6-311++G(2d,2p) level (The symbols “r and 

f” refer to reverse and forward, respectively.) 

DMP-TS1-r DMP-TS1-f DMP-TS2-r DMP-TS2-f 

DEP-TS1-r DEP-TS1-f DEP-TS2-r DEP-TS2-f 

DPP-TS1-irc DPP-TS2-r DPP-TS2-f 

DAP-TS1-irc DAP-TS2-irc 

DBP-TS1-r DBP-TS1-f DBP-TS2-irc 

DIBP-TS1-irc DIBP-TS2-irc 
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Figure S9. Intrinsic reaction coordinate (IRC) calculation results of the transition states 

(TS) of PAEs calculated at IEFPCM/B3LYP/6-311++G(2d,2p) level (The symbols “r and 

f” refer to reverse and forward, respectively.) 

DNPP-TS1-irc DNPP-TS2-r DNPP-TS2-f 

BMPP-TS1-irc BMPP-TS2-r BMPP-TS2-f 

DNHP-TS1-irc DNHP-TS2-irc 

DIHP-TS1-r DIHP-TS1-f DIHP-TS2-r DIHP-TS2-f 

DEHP-TS1-irc DEHP-TS2-r DEHP-TS2-f 

DIOP-TS1-r DIOP-TS1-f DIOP-TS2-r DIOP-TS2-f 
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Figure S9. Intrinsic reaction coordinate (IRC) calculation results of the transition states 

(TS) of PAEs calculated at IEFPCM/B3LYP/6-311++G(2d,2p) level (The symbols “r and 

f” refer to reverse and forward, respectively.) 

DPHP-TS1-r DPHP-TS1-f DPHP-TS2-r DPHP-TS2-f 

DNOP-TS1-r DNOP-TS1-f DNOP-TS2-r DNOP-TS2-f 

DINP-TS1-r DINP-TS1-f DINP-TS2-r DINP-TS2-f 

DIDP-TS1-irc DIDP-TS2-r DIDP-TS2-f 

DUP-TS1-r DUP-TS1-f DUP-TS2-r DUP-TS2-f 

DIUP-TS1-r DIUP-TS1-f DIUP-TS2-r DIUP-TS2-f 
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Figure S9. Intrinsic reaction coordinate (IRC) calculation results of the transition states 

(TS) of PAEs calculated at IEFPCM/B3LYP/6-311++G(2d,2p) level (The symbols “r and 

f” refer to reverse and forward, respectively.) 
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