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Table S1. Cartesian coordination for all molecules investigated in this study. 

solute solvent coordination 

cyclopentadiene Ethanol C                 -1.17321500   -0.28713400   -0.00008300 

C                 -0.73895300    0.98437900   -0.00003600 

C                  0.72908500    0.99166700    0.00005700 

C                  1.17599900   -0.27540600    0.00006600 

H                 -2.20295200   -0.61899300   -0.00013900 

H                 -1.35810000    1.87270500   -0.00006000 

H                  1.33928000    1.88616200    0.00010500 

H                  2.20902700   -0.59686300    0.00010700 

C                  0.00607100   -1.21272700   -0.00000900 

H                  0.00935700   -1.87382500    0.87643400 

H                  0.00947200   -1.87386700   -0.87641800 

cyclopentadiene THF C                 -1.17563000   -0.27875700   -0.00007100 

C                 -0.73174000    0.98949800   -0.00004000 

C                  0.73584700    0.98645900    0.00004700 

C                  1.17447400   -0.28363500    0.00006800 

H                 -2.20755200   -0.60350800   -0.00013300 

H                 -1.34464100    1.88212800   -0.00007300 

H                  1.35246100    1.87653000    0.00008700 

H                  2.20502900   -0.61270000    0.00012800 

C                 -0.00253100   -1.21307200   -0.00000500 

H                 -0.00396400   -1.87270900    0.87697900 

H                 -0.00386000   -1.87270200   -0.87699400 

cyclopentadiene Toluene C                 -1.17546500   -0.27917100   -0.00007100 

C                 -0.73208200    0.98875000   -0.00004000 

C                  0.73517100    0.98646700    0.00004700 

C                  1.17460000   -0.28283900    0.00006900 

H                 -2.20730100   -0.60391200   -0.00013300 

H                 -1.34565600    1.88078600   -0.00007300 

H                  1.35153800    1.87657700    0.00008700 

H                  2.20540700   -0.61083200    0.00012800 

C                 -0.00190600   -1.21307000   -0.00000500 

H                 -0.00299700   -1.87172400    0.87774500 

H                 -0.00289300   -1.87171700   -0.87775900 

cyclopentadiene Cyclohexane C                 -1.17544100   -0.27922600   -0.00007100 



 C                 -0.73212900    0.98861600   -0.00004000 

 C                  0.73505900    0.98645000    0.00004700 

 C                  1.17462100   -0.28270600    0.00006800 

 H                 -2.20726500   -0.60394400   -0.00013300 

 H                 -1.34581600    1.88054600   -0.00007300 

 H                  1.35139600    1.87655200    0.00008700 

 H                  2.20546800   -0.61051100    0.00012800 

 C                 -0.00180900   -1.21306500   -0.00000500 

 H                 -0.00284700   -1.87153200    0.87789100 

 H                 -0.00274300   -1.87152600   -0.87790500 

TS_A Ethanol C                  1.87332500   -0.80044800    0.46655400 

H                  1.70761400   -1.27173500    1.43630000 

H                  2.82299900   -1.18770900    0.06962300 

C                  0.71325600    0.11528000   -1.35845900 

H                  0.24303100    0.19325700   -2.32828900 

C                  0.78228800   -1.04923900   -0.56006400 

H                  0.67137400   -2.03370500   -1.00358600 

C                  1.36442900    1.17094800   -0.66774900 

H                  1.34950300    2.20910000   -0.97647400 

C                  1.91876600    0.69822200    0.48431400 

H                  2.45402900    1.28221200    1.22141300 

C                 -0.71325600    0.11527900    1.35845900 

C                 -0.78228800   -1.04923900    0.56006400 

C                 -1.91876500    0.69822300   -0.48431300 

H                 -0.24303100    0.19325600    2.32828900 

H                 -0.67137400   -2.03370600    1.00358500 

H                 -2.45402800    1.28221300   -1.22141300 

C                 -1.36442900    1.17094800    0.66774900 

H                 -1.34950200    2.20910000    0.97647500 

C                 -1.87332500   -0.80044800   -0.46655400 

H                 -1.70761400   -1.27173500   -1.43630000 

H                 -2.82299900   -1.18770800   -0.06962400 

TS_A THF C                 -0.00399800    1.93088100   -0.80103300 

H                  0.97644600    2.00638500   -1.27344500 

H                 -0.62099200    2.75540600   -1.18683100 

C                 -1.49080900    0.36174600    0.11584600 



H                 -2.31739600   -0.32976500    0.19462900 

C                 -0.73474900    0.62298800   -1.04913000 

H                 -1.13874700    0.40726000   -2.03324000 

C                 -0.97783600    1.16092500    1.17124800 

H                 -1.27259900    1.07101100    2.20958600 

C                  0.00399800    1.97897700    0.69774000 

H                  0.58905500    2.67753000    1.28126900 

C                  1.49080900   -0.36174600    0.11584600 

C                  0.73474900   -0.62298800   -1.04913000 

C                 -0.00399800   -1.97897700    0.69774000 

H                  2.31739600    0.32976500    0.19462900 

H                  1.13874700   -0.40726000   -2.03324000 

H                 -0.58905500   -2.67753000    1.28126900 

C                  0.97783600   -1.16092500    1.17124800 

H                  1.27259900   -1.07101100    2.20958600 

C                  0.00399800   -1.93088100   -0.80103300 

H                 -0.97644600   -2.00638500   -1.27344500 

H                  0.62099200   -2.75540600   -1.18683100 

TS_A Toluene C                 -1.87371800   -0.80029800   -0.46688100 

H                 -1.70751400   -1.27322500   -1.43597900 

H                 -2.82468200   -1.18388000   -0.06965300 

C                 -0.71524400    0.11490200    1.35834800 

H                 -0.24894800    0.19305200    2.32988100 

C                 -0.78467500   -1.04954900    0.56148900 

H                 -0.67516400   -2.03380500    1.00606100 

C                 -1.36350300    1.17088100    0.66572200 

H                 -1.34802500    2.20883600    0.97427800 

C                 -1.91603800    0.69845900   -0.48665900 

H                 -2.45022400    1.28265100   -1.22416100 

C                  0.71524400    0.11490200   -1.35834800 

C                  0.78467500   -1.04954900   -0.56148900 

C                  1.91603800    0.69845900    0.48665900 

H                  0.24894800    0.19305200   -2.32988100 

H                  0.67516400   -2.03380500   -1.00606100 

H                  2.45022400    1.28265100    1.22416100 

C                  1.36350300    1.17088100   -0.66572200 



H                  1.34802500    2.20883600   -0.97427800 

C                  1.87371800   -0.80029800    0.46688100 

H                  1.70751400   -1.27322500    1.43597900 

H                  2.82468200   -1.18388000    0.06965300 

TS_A Cyclohexane C                 -1.87374300   -0.80026500   -0.46695600 

H                 -1.70745400   -1.27341600   -1.43596000 

H                 -2.82489700   -1.18334400   -0.06971700 

C                 -0.71551700    0.11484100    1.35834400 

H                 -0.24984000    0.19296100    2.33015200 

C                 -0.78498700   -1.04959100    0.56166600 

H                 -0.67566100   -2.03382500    1.00635700 

C                 -1.36338000    1.17086200    0.66546600 

H                 -1.34788100    2.20878200    0.97403000 

C                 -1.91562000    0.69850400   -0.48699500 

H                 -2.44964000    1.28273400   -1.22455600 

C                  0.71551700    0.11484100   -1.35834400 

C                  0.78498700   -1.04959100   -0.56166600 

C                  1.91562000    0.69850400    0.48699500 

H                  0.24984000    0.19296100   -2.33015200 

H                  0.67566100   -2.03382500   -1.00635700 

H                  2.44964000    1.28273400    1.22455600 

C                  1.36338000    1.17086200   -0.66546600 

H                  1.34788100    2.20878200   -0.97403000 

C                  1.87374300   -0.80026500    0.46695600 

H                  1.70745400   -1.27341600    1.43596000 

H                  2.82489700   -1.18334400    0.06971700 

cyclohexadiene Ethanol C                  0.11052700    1.41850600    0.06324400 

C                  1.25371100    0.72571500    0.11060900 

C                  1.25404100   -0.72516600   -0.11055100 

C                  0.11114500   -1.41843300   -0.06335700 

H                  0.11105700    2.49657800    0.19018800 

H                  2.19932000    1.22658700    0.29098700 

H                  2.19985100   -1.22565600   -0.29097500 

H                  0.11214500   -2.49650400   -0.19035700 

C                 -1.18879600   -0.72358800    0.25032400 

H                 -1.33181000   -0.73739500    1.34138600 



H                 -2.03325000   -1.27040200   -0.17559500 

C                 -1.18915900    0.72305700   -0.25027300 

H                 -2.03380900    1.26952800    0.17569300 

H                 -1.33231800    0.73671200   -1.34129900 

cyclohexadiene Chloroform C                  0.11076000    1.41827600    0.06340600 

C                  1.25337100    0.72519800    0.11091300 

C                  1.25336800   -0.72520300   -0.11091300 

C                  0.11075500   -1.41827700   -0.06340600 

H                  0.11156500    2.49621400    0.19105100 

H                  2.19882400    1.22580800    0.29243900 

H                  2.19881900   -1.22581700   -0.29243800 

H                  0.11155500   -2.49621500   -0.19105000 

C                 -1.18862700   -0.72289400    0.25142300 

H                 -1.32934300   -0.73457800    1.34279300 

H                 -2.03404800   -1.26982600   -0.17274700 

C                 -1.18862400    0.72289800   -0.25142400 

H                 -2.03404300    1.26983400    0.17274700 

H                 -1.32934000    0.73458300   -1.34279300 

cyclohexadiene benzene C                  0.11070500    1.41810700    0.06346900 

C                  1.25295700    0.72501100    0.11119400 

C                  1.25294900   -0.72502400   -0.11119500 

C                  0.11069000   -1.41810800   -0.06346800 

H                  0.11152200    2.49591900    0.19168500 

H                  2.19815700    1.22559200    0.29370800 

H                  2.19814300   -1.22561600   -0.29370800 

H                  0.11149600   -2.49592100   -0.19168400 

C                 -1.18832300   -0.72254100    0.25235000 

H                 -1.32722600   -0.73250700    1.34395700 

H                 -2.03443000   -1.26972800   -0.17038000 

C                 -1.18831500    0.72255300   -0.25235000 

H                 -2.03441700    1.26974900    0.17038000 

H                 -1.32721800    0.73252100   -1.34395700 

nitrosobenzene Ethanol C                  1.26978100   -1.33231400   -0.00001700 

C                 -0.09394100   -1.09979600    0.00000300 

C                 -0.55205100    0.22008500   -0.00005400 

C                  0.33233400    1.29555900    0.00001100 



C                  1.69973000    1.05269400    0.00003600 

C                  2.16335000   -0.25836100   -0.00002300 

H                  1.64677500   -2.34809600    0.00005300 

H                 -0.80788100   -1.91431000    0.00013500 

H                 -0.06491800    2.30432900   -0.00000400 

H                  2.40011900    1.87891900    0.00006800 

H                  3.23019100   -0.45082800   -0.00002500 

N                 -1.93914700    0.57634200   -0.00001900 

O                 -2.71818400   -0.34645200    0.00002100 

nitrosobenzene Chloroform C                  1.27001900   -1.33188700   -0.00000200 

C                 -0.09380500   -1.09894200    0.00003200 

C                 -0.55160700    0.22033800   -0.00002400 

C                  0.33244500    1.29526600    0.00002700 

C                  1.69991400    1.05237400    0.00000500 

C                  2.16369900   -0.25846000   -0.00004800 

H                  1.64673000   -2.34788200    0.00008200 

H                 -0.80920200   -1.91226800    0.00018200 

H                 -0.06599800    2.30358600    0.00002800 

H                  2.40036300    1.87867000    0.00000800 

H                  3.23060400   -0.45098600   -0.00007000 

N                 -1.94135600    0.57658600    0.00004300 

O                 -2.71712300   -0.34742000   -0.00005800 

nitrosobenzene benzene C                  1.27038200   -1.33142800   -0.00001000 

C                 -0.09355900   -1.09813400   -0.00006300 

C                 -0.55115200    0.22052600   -0.00008800 

C                  0.33255000    1.29491600   -0.00001200 

C                  1.70011300    1.05211400    0.00004400 

C                  2.16413500   -0.25847200    0.00002700 

H                  1.64690600   -2.34760800    0.00004300 

H                 -0.81041100   -1.91030400   -0.00003900 

H                 -0.06723200    2.30274300    0.00001200 

H                  2.40059100    1.87851900    0.00009400 

H                  3.23112400   -0.45097700    0.00007200 

N                 -1.94379200    0.57683500   -0.00007900 

O                 -2.71615600   -0.34841800    0.00012300 

TS_B Ethanol C                  1.34280100   -1.22480200    0.51587100 



C                  0.98740800   -0.24079700    1.43117500 

C                  1.48772500    1.06914600    1.25551000 

C                  2.42066400    1.31190100    0.29661300 

H                  0.90522300   -2.21071400    0.62507600 

H                  0.16865600   -0.41488800    2.11894200 

H                  1.01092100    1.89384900    1.77432400 

H                  2.68187600    2.33671300    0.05188100 

O                  0.85950800    0.45146200   -1.44837900 

N                  0.26739300   -0.50860900   -0.92374300 

C                 -1.08327400   -0.20275100   -0.46532600 

C                 -1.89514600   -1.27883000   -0.11947900 

C                 -1.57811500    1.09495800   -0.45231400 

C                 -3.20834500   -1.04985800    0.26648200 

H                 -1.49264100   -2.28557500   -0.15339500 

C                 -2.89392000    1.31746100   -0.06279600 

H                 -0.92553300    1.90815800   -0.74497700 

C                 -3.70985600    0.24981300    0.29939100 

H                 -3.84422400   -1.88504700    0.53743800 

H                 -3.28546300    2.32856700   -0.04369800 

H                 -4.73637100    0.42765800    0.59917200 

C                  3.28702200    0.23484700   -0.28406800 

H                  3.50286300    0.47414000   -1.32646900 

H                  4.24827700    0.28069100    0.24209100 

C                  2.68792700   -1.18578000   -0.16464900 

H                  2.59523500   -1.65232800   -1.14789800 

H                  3.35402700   -1.82450700    0.42228200 

TS_B Chloroform C                  1.34366200   -1.22826800    0.50993200 

C                  0.98732800   -0.25202400    1.43371600 

C                  1.48019500    1.06094900    1.26254800 

C                  2.40733000    1.31295700    0.30016700 

H                  0.90952200   -2.21645800    0.61309400 

H                  0.16971500   -0.43285200    2.12108200 

H                  0.99910000    1.88089500    1.78498700 

H                  2.65977000    2.33998400    0.05593900 

O                  0.86371100    0.45563900   -1.44218500 

N                  0.27090900   -0.50607900   -0.92427900 



C                 -1.08048900   -0.20234600   -0.46639700 

C                 -1.89256700   -1.27868700   -0.12277400 

C                 -1.57495300    1.09515800   -0.45224200 

C                 -3.20538700   -1.05011600    0.26388700 

H                 -1.49029800   -2.28539700   -0.16071700 

C                 -2.89051900    1.31722900   -0.06228700 

H                 -0.92179800    1.90729200   -0.74654100 

C                 -3.70637300    0.24953400    0.29898000 

H                 -3.84195200   -1.88554200    0.53265400 

H                 -3.28238200    2.32823400   -0.04319800 

H                 -4.73299700    0.42713300    0.59861100 

C                  3.28157400    0.24301000   -0.28271300 

H                  3.49744700    0.48701500   -1.32392100 

H                  4.24105200    0.29116600    0.24665900 

C                  2.68885300   -1.18112400   -0.17068300 

H                  2.59684600   -1.64169700   -1.15680200 

H                  3.35800400   -1.81995600    0.41278300 

TS_B benzene C                  1.34459500   -1.23140000    0.50463500 

C                  0.98773400   -0.26226100    1.43609600 

C                  1.47406700    1.05332000    1.26912100 

C                  2.39569200    1.31371100    0.30349000 

H                  0.91346100   -2.22154400    0.60240500 

H                  0.17146800   -0.44926700    2.12338100 

H                  0.98958500    1.86889300    1.79529100 

H                  2.64048200    2.34271600    0.06014900 

O                  0.86732100    0.45971200   -1.43628100 

N                  0.27393200   -0.50356500   -0.92465300 

C                 -1.07809900   -0.20180300   -0.46721300 

C                 -1.89033100   -1.27845400   -0.12577500 

C                 -1.57234600    1.09549600   -0.45197200 

C                 -3.20288300   -1.05042000    0.26132200 

H                 -1.48811900   -2.28506400   -0.16718900 

C                 -2.88775500    1.31697000   -0.06173400 

H                 -0.91876700    1.90683800   -0.74755700 

C                 -3.70349300    0.24914000    0.29847600 

H                 -3.83995600   -1.88612600    0.52812800 



H                 -3.27994700    2.32785700   -0.04234800 

H                 -4.73019900    0.42642500    0.59805500 

C                  3.27653800    0.25026600   -0.28216400 

H                  3.49150800    0.49863800   -1.32248300 

H                  4.23485800    0.30039800    0.24928000 

C                  2.68960900   -1.17697100   -0.17644600 

H                  2.59786300   -1.63224500   -1.16505800 

H                  3.36169700   -1.81581000    0.40374900 

furan Acetonitrile C                 -0.00000100   -0.34712400    1.09032500 

C                 -0.00000100    0.95461500    0.71714400 

C                 -0.00000100    0.95461500   -0.71714400 

C                 -0.00000100   -0.34712400   -1.09032500 

O                  0.00006500   -1.15246900    0.00000000 

H                 -0.00018600   -0.84430200    2.04608200 

H                 -0.00006700    1.80923200    1.37503500 

H                 -0.00006700    1.80923200   -1.37503500 

H                 -0.00018600   -0.84430200   -2.04608200 

Maleic 

anhydride 

Acetonitrile C                 -1.12138100   -0.15534900   -0.00012900 

C                  1.12141600   -0.15530500   -0.00018400 

C                  0.66372200    1.25908900   -0.00010900 

C                 -0.66378200    1.25910500   -0.00002400 

H                  1.35178400    2.09076500    0.00038000 

H                 -1.35214800    2.09051700    0.00028800 

O                 -2.22057800   -0.60841200    0.00020500 

O                  2.22061400   -0.60835200    0.00023800 

O                  0.00002800   -0.96155100   -0.00019100 

TS_C Acetonitrile C                 -0.08773000    1.63308700    1.07117600 

C                  1.23561100    1.30358900    0.68454300 

C                  1.23561100    1.30358900   -0.68454300 

C                 -0.08773000    1.63308700   -1.07117600 

O                 -0.72781900    2.16778800    0.00000000 

H                 -0.44403700    1.94815800    2.04002500 

H                  2.02488600    0.99784800    1.35357000 

H                  2.02488600    0.99784800   -1.35357000 

H                 -0.44403700    1.94815800   -2.04002500 

C                 -0.11075600   -1.25667800    1.13064800 



C                 -1.05711700   -0.21240200    0.70188500 

C                 -1.05711700   -0.21240200   -0.70188500 

C                 -0.11075600   -1.25667800   -1.13064800 

H                 -1.90675300    0.01478400    1.32830700 

H                 -1.90675300    0.01478400   -1.32830700 

O                  0.16288600   -1.67257900    2.21656600 

O                  0.16288600   -1.67257900   -2.21656600 

O                  0.51351200   -1.76422100    0.00000000 

   

 

  



Table S2 Rate coefficients for 12 reactions in various solvents based on the proposed method and the 

IGT technique. 

solute solvent 
Temp 

[K] 

kTST 

[dm3 mol-1 s-1] 

ν‡ 

[cm-1] 

scaled ν‡ 

[cm-1] 
κwigner 

k'TST_wigner 

[dm3 mol-1 s-1] 

This work 

TS_A Ethanol 313 3.9×10-5 -413.23 -392.57 1.14 4.5×10-5 

TS_A THF 313 3.8×10-5 -415.96 -395.16 1.14 4.4×10-5 

TS_A Toluene 313 4.8×10-5 -415.14 -394.38 1.14 5.6×10-5 

TS_A cyclohexane 313 3.8×10-5 -415.37 -394.60 1.14 4.4×10-5 

TS_A cyclohexane 333 2.1×10-4 -415.37 -394.60 1.12 2.4×10-4 

TS_A cyclohexane 353 9.9×10-4 -415.37 -394.60 1.11 1.1×10-3 

TS_A cyclohexane 373 3.9×10-3 -415.37 -394.60 1.10 4.4×10-3 

TS_A cyclohexane 393 1.4×10-2 -415.37 -394.60 1.09 1.5×10-2 

TS_B Ethanol 298 1.5×10-1 -387.72 -368.33 1.13 1.7×10-1 

TS_B Chloroform 298 3.9×10-1 -387.56 -368.18 1.13 4.4×10-1 

TS_B Benzene 298 2.0×10-1 -387.23 -367.87 1.13 2.3×10-1 

TS_C Acetonitrile 300 7.4×10-4 -542.07 -514.97 1.25 9.0×10-4 

IGT 

TS_A Ethanol 313 2.1×10-7 -413.23 -392.57 1.14 2.4×10-7 

TS_A THF 313 2.1×10-7 -415.96 -395.16 1.14 2.5×10-7 

TS_A Toluene 313 2.6×10-7 -415.14 -394.38 1.14 3.0×10-7 

TS_A cyclohexane 313 2.4×10-7 -415.37 -394.60 1.14 2.8×10-7 

TS_A cyclohexane 333 1.4×10-6 -415.37 -394.60 1.12 1.5×10-6 

TS_A cyclohexane 353 6.4×10-6 -415.37 -394.60 1.11 7.1×10-6 

TS_A cyclohexane 373 2.6×10-5 -415.37 -394.60 1.10 2.8×10-5 

TS_A cyclohexane 393 8.9×10-5 -415.37 -394.60 1.09 9.8×10-5 

TS_B Ethanol 298 1.5×10-4 -387.72 -368.33 1.13 1.8×10-4 

TS_B Chloroform 298 4.0×10-4 -387.56 -368.18 1.13 4.6×10-4 

TS_B Benzene 298 2.1×10-4 -387.23 -367.87 1.13 2.4×10-4 

TS_C Acetonitrile 300 3.3×10-6 -542.07 -514.97 1.25 4.2×10-6 

 

 

  



Table S3. Various parameters incorporated in the proposed translational model. All values were obtained 

using the QM/PCM technique. 
 solvent qelec Molecular weight 

[g mol-1] 

Vcav 

[×10-30 m3] 

Vmol 

[×10-30 m3] 

Vfree 

[×10-31 m3] 

Reaction A       

cyclopentadiene Ethanol 1 66.04695 142.362 98.978 2.12 

TS_A Ethanol 1 132.0939 247.281 183.772 2.07 

cyclopentadiene THF 1 66.04695 142.362 98.978 2.12 

TS_A THF 1 132.0939 247.281 183.772 2.07 

cyclopentadiene Toluene 1 66.04695 142.352 98.958 2.12 

TS_A Toluene 1 132.0939 247.257 183.749 2.07 

cyclopentadiene cyclohexane 1 66.04695 142.349 98.955 2.11 

TS_A cyclohexane 1 132.0939 247.254 183.745 2.06 

Reaction B       

cyclohexadiene Ethanol 1 80.0626 168.541 119.565 2.13 

nitrosobenzene Ethanol 1 107.0371 186.126 129.604 2.73 

TS_B Ethanol 1 187.0997 320.045 236.312 2.85 

cyclohexadiene Chloroform 1 80.0626 168.522 119.56 2.13 

nitrosobenzene Chloroform 1 107.0371 186.103 129.588 2.73 

TS_B Chloroform 1 187.0997 319.827 236.178 2.84 

cyclohexadiene Benzene 1 80.0626 168.541 119.565 2.13 

nitrosobenzene Benzene 1 107.0371 186.126 129.604 2.73 

TS_B Benzene 1 187.0997 320.045 236.312 2.85 

Reaction C      

Furan Acetonitrile 1 68.0626 128.952 87.803 2.24 

maleic 

anhydride 

Acetonitrile 1 98.00039 149.254 101.3 2.66 

TS_C Acetonitrile 1 166.0266 241.627 174.132 2.67 

 
 
  



Table S4. Various parameters incorporated in the proposed rotational model. All values were obtained 

using the QM/PCM technique. 

solute Solvent niso σ  

[−] 

ΘΑ  

[K] 

ΘΒ  

[K] 

ΘC  

[K] 

µ  

[debye] 

µp  

[debye] 

α 

[au] 

Reaction A          

cyclopentadiene Ethanol 1 2 0.40801 0.39717 0.20656 0.68650842 0.50780615 69.503215 

TS_A Ethanol 2 1 0.11572 0.0641 0.06102 0.9069 0.6011 169.8194 

cyclopentadiene THF 1 2 0.40801 0.39717 0.20656 0.6552015 0.50650119 67.092076 

TS_A THF 2 1 0.11572 0.0641 0.06102 0.8467 0.5998 161.10106 

cyclopentadiene Toluene 1 2 0.40823 0.39706 0.20661 0.58590069 0.50460063 61.626987 

TS_A Toluene 2 1 0.11569 0.06412 0.06104 0.7246 0.5971 142.70915 

cyclopentadiene cyclohexane 1 2 0.40828 0.39706 0.20662 0.572 0.50420063 60.52128 

TS_A cyclohexane 2 1 0.11568 0.06412 0.06104 0.7016 0.5966 139.178 

Reaction B          

cyclohexadiene Ethanol 1 2 0.2444 0.24397 0.1297 0.70360001 0.51570001 86.459554 

nitrosobenzene Ethanol 1 1 0.25379 0.07941 0.06048 4.8877462 3.8847496 104.42713 

TS_B Ethanol 2 1 0.08087 0.0229 0.02146 2.7798714 1.9490375 215.81045 

cyclohexadiene Chloroform 1 2 0.24446 0.24408 0.12978 0.6472 0.5136 81.046054 

nitrosobenzene Chloroform 1 1 0.25392 0.07939 0.06048 4.5971422 3.8597695 97.269821 

TS_B Chloroform 2 1 0.08089 0.02295 0.02151 2.479473 1.9308477 198.49242 

cyclohexadiene Benzene 1 2 0.2444 0.24397 0.1297 0.593 0.512 75.828096 

nitrosobenzene Benzene 1 1 0.25379 0.07941 0.06048 4.2950925 3.833294 90.320644 

TS_B Benzene 2 1 0.08087 0.0229 0.02146 2.2265998 1.914492 182.67083 

Reaction C          

Furan Acetnitril 1 2 0.45656 0.44925 0.22644 0.84630021 0.70460018 56.037154 

maleinic anhydrid Acetnitril 1 2 0.32824 0.11996 0.08785 5.3485 4.4905 63.461829 

TS_C Acetnitril 2 1 0.06979 0.0526 0.03901 6.4735856 5.2332258 130.17828 

 

 

 

 

 

 

 

 



Table S5 Various parameters incorporated in the proposed configurational model. All values were 

obtained using the QM/PCM technique. 
 

solvent concentration 

[mol dm-3] 

Vcavity 

×10-30 [m3] 

Ncell 

×1024 

Nsolute 

×1023 

Reaction A      

Cyclopentadiene Ethanol 1 142.362 7.02 6.02 

TS_A Ethanol 1 247.281 4.04 6.02 

cyclopentadiene THF 1 142.362 7.02 6.02 

TS_A THF 1 247.281 4.04 6.02 

cyclopentadiene Toluene 1 142.352 7.02 6.02 

TS_A Toluene 1 247.257 4.04 6.02 

cyclopentadiene cyclohexane 1 142.349 7.02 6.02 

TS_A cyclohexane 1 247.254 4.04 6.02 

Reaction B      

cyclohexadiene Ethanol 1 168.541 5.93 6.02 

nitrosobenzene Ethanol 1 186.126 5.37 6.02 

TS_B Ethanol 1 320.045 3.12 6.02 

cyclohexadiene Chloroform 1 168.522 5.93 6.02 

nitrosobenzene Chloroform 1 186.103 5.37 6.02 

TS_B Chloroform 1 319.827 3.13 6.02 

cyclohexadiene Benzene 1 168.541 5.93 6.02 

nitrosobenzene Benzene 1 186.126 5.37 6.02 

TS_B Benzene 1 320.045 3.12 6.02 

Reaction C      

furan Acetonitrile 1 128.952 7.75 6.02 

maleic anhydride Acetonitrile 1 149.254 6.7 6.02 

TS_C Acetonitrile 1 241.627 4.14 6.02 

 

  



Table S6. Total entropies and respective entropic terms for all solutes at a concentration of 1 mol dm-3 

based on our proposed model (J mol-1 K-1). 

solute solvent T [K] Selec Strans Srot Svib Scd Sconfig Stot_calc 

cyclopentadiene Ethanol 313 0 52.1 97.2 19.8 0 28.4 197.5 

TS_A Ethanol 313 0 60.6 126.6 85.7 0 23.5 296.4 

cyclopentadiene THF 313 0 52.2 97.2 19.8 0 28.4 197.6 

TS_A THF 313 0 60.6 126.7 85.0 0 23.5 295.7 

cyclopentadiene Toluene 313 0 52.1 97.2 19.9 0 28.4 197.6 

TS_A Toluene 313 0 60.6 126.6 87.6 0 23.5 298.3 

cyclopentadiene cyclohexane 313 0 52.2 97.2 19.9 0 28.4 197.6 

TS_A cyclohexane 313 0 60.6 126.7 84.9 0 23.5 295.7 

cyclopentadiene cyclohexane 333 0 52.9 98.0 23.0 0 28.4 202.4 

TS_A cyclohexane 333 0 61.4 127.4 93.4 0 23.5 305.7 

cyclopentadiene cyclohexane 353 0 52.9 98.0 23.0 0 28.4 202.4 

TS_A cyclohexane 353 0 61.4 127.4 93.4 0 23.5 305.7 

cyclopentadiene cyclohexane 373 0 54.3 99.4 29.8 0 28.4 211.9 

TS_A cyclohexane 373 0 62.8 128.9 110.8 0 23.5 326.0 

cyclopentadiene cyclohexane 393 0 55.0 100.1 33.3 0 28.4 216.8 

TS_A cyclohexane 393 0 63.4 129.5 119.8 0 23.5 336.2 

cyclohexadiene Ethanol 298 0 54.0 102.6 33.2 0 26.9 216.8 

nitrosobenzene Ethanol 298 0 59.7 101.8 51.9 0 26.0 239.3 

TS_B Ethanol 298 0 67.0 132.9 145.6 0 21.1 366.6 

cyclohexadiene Chloroform 298 0 54.0 102.7 33.2 0 26.9 216.8 

nitrosobenzene Chloroform 298 0 59.7 104.2 51.9 0 26.0 241.8 

TS_B Chloroform 298 0 67.0 134.6 145.0 0 21.1 367.7 

cyclohexadiene Benzene 298 0 54.0 102.7 33.2 0 26.9 216.8 

nitrosobenzene Benzene 298 0 59.7 104.2 51.9 0 26.0 241.8 

TS_B Benzene 298 0 67.0 135.7 144.1 0 21.1 367.9 

furan Acetonitrile 300 0 52.5 95.2 11.2 0 29.2 188.1 

maleic 

anhydride 

Acetonitrile 300 0 58.4 88.2 34.9 0 28.0 209.5 

TS_C Acetonitrile 300 0 65.1 108.5 98.5 0 23.7 295.8 

 

  



Table S7. Total entropies and respective entropic terms for all solutes at a concentration of 1 mol dm-3 

based on IGT (J mol-1 K-1). 

solute solvent T [K] Selec Strans Srot Svib Scd Sconfig Stot_calc 

cyclopentadiene Ethanol 313 0 135.0 97.3 19.8 0 0 252.1 

TS_A Ethanol 313 0 143.7 126.7 85.7 0 0 356.1 

cyclopentadiene THF 313 0 135.0 97.3 19.8 0 0 252.1 

TS_A THF 313 0 143.7 126.7 85.0 0 0 355.3 

cyclopentadiene Toluene 313 0 135.0 97.3 19.9 0 0 252.2 

TS_A Toluene 313 0 143.7 126.7 87.6 0 0 357.9 

cyclopentadiene cyclohexane 313 0 135.0 97.3 19.9 0 0 252.2 

TS_A cyclohexane 313 0 143.7 126.7 84.9 0 0 355.3 

cyclopentadiene cyclohexane 333 0 135.8 98.0 23.0 0 0 256.9 

TS_A cyclohexane 333 0 144.5 127.4 93.4 0 0 365.3 

cyclopentadiene cyclohexane 353 0 136.5 98.8 26.4 0 0 261.7 

TS_A cyclohexane 353 0 145.2 128.2 102.0 0 0 375.4 

cyclopentadiene cyclohexane 373 0 137.2 99.4 29.8 0 0 266.5 

TS_A cyclohexane 373 0 145.9 128.9 110.8 0 0 385.6 

cyclopentadiene cyclohexane 393 0 137.9 100.1 33.3 0 0 271.3 

TS_A cyclohexane 393 0 146.5 129.5 119.8 0 0 395.8 

cyclohexadiene Ethanol 298 0 136.8 102.7 33.2 0 0 272.8 

nitrosobenzene Ethanol 298 0 140.4 116.2 51.9 0 0 308.5 

TS_B Ethanol 298 0 147.4 136.2 145.6 0 0 429.2 

cyclohexadiene Chloroform 298 0 136.8 102.7 33.2 0 0 272.8 

nitrosobenzene Chloroform 298 0 140.4 116.2 51.9 0 0 308.5 

TS_B Chloroform 298 0 147.4 136.2 145.0 0 0 428.6 

cyclohexadiene Benzene 298 0 136.8 102.7 33.2 0 0 272.8 

nitrosobenzene Benzene 298 0 140.4 116.2 51.9 0 0 308.5 

TS_B Benzene 298 0 147.4 136.2 144.1 0 0 427.7 

furan Acetonitrile 300 0 134.9 95.4 11.2 0 0 241.5 

maleic anhydride Acetonitrile 300 0 139.4 106.2 34.9 0 0 280.5 

TS_C Acetonitrile 300 0 146.0 125.2 98.5 0 0 369.7 

 

  



Table S8 Electric and ZPE energies terms for all reactants, products, and TSs investigated in this study. 

solute solvent 
Eelec 

[kJ mol-1] 

EZPE 

[kJ mol-1] 

fZPE 

[-] 

E0 

[kJ mol-1] 

cyclopentadiene Ethanol  243.9 0.975  

TS_A Ethanol  496.4 0.975  

cyclopentadiene THF  243.9 0.975  

TS_A THF  496.3 0.975  

cyclopentadiene Toluene  244.1 0.975  

TS_A Toluene  496.9 0.975  

cyclopentadiene cyclohexane  244.1 0.975  

TS_A cyclohexane  496.9 0.975  

cyclohexadiene Ethanol  322.7 0.975  

nitrosobenzene Ethanol  256.9 0.975  

TS_B Ethanol  586.5 0.975  

cyclohexadiene Chloroform  322.9 0.975  

nitrosobenzene Chloroform  256.9 0.975  

TS_B Chloroform  586.9 0.975  

cyclohexadiene Benzene  322.9 0.975  

nitrosobenzene Benzene  256.9 0.975  

TS_B Benzene  586.9 0.975  

furan Acetonitrile  184.9 0.975  

maleic anhydride Acetonitrile  147.6 0.975  

TS_C Acetonitrile  338.3 0.975  

 

 

 

  



Table S9 Total energies and respective energetic terms for all reactants, products, and TSs based on our 

proposed method (kJ mol-1). 

solute solvent Temp Eelec Etrans Erot Evib PV H 

cyclopentadiene Ethanol 313 -509306.2 3.9 4.6 242.3 0 -509293.2 

TS_A Ethanol 313 -1019022.7 3.9 4.5 500.3 0 -1018514.0 

cyclopentadiene THF 313 -509545.6 3.9 4.2 242.5 0 -509294.8 

TS_A THF 313 -1019025.3 3.9 4.2 500.7 0 -1018516.7 

cyclopentadiene Toluene 313 -509306.1 3.9 4.4 242.4 0 -509293.0 

TS_A Toluene 313 -1019023.5 3.9 4.4 500.3 0 -1018514.8 

cyclopentadiene cyclohexane 313 -509543.6 3.9 4.2 242.6 0 -509293.0 

TS_A cyclohexane 313 -1019022.6 3.9 4.1 500.7 0 -1018513.9 

cyclopentadiene cyclohexane 333 -509543.6 4.2 4.4 243.6 0 -509291.5 

TS_A cyclohexane 333 -1019022.6 4.2 4.4 503.5 0 -1018510.7 

cyclopentadiene cyclohexane 353 -509543.6 4.4 4.7 244.7 0 -509289.9 

TS_A cyclohexane 353 -1019022.6 4.4 4.6 506.4 0 -1018507.2 

cyclopentadiene cyclohexane 373 -509543.6 4.7 4.9 246.0 0 -509288.1 

TS_A cyclohexane 373 -1019022.6 4.7 4.9 509.6 0 -1018503.5 

cyclopentadiene cyclohexane 393 -509543.6 4.9 5.2 247.3 0 -509286.2 

TS_A cyclohexane 393 -1019022.6 4.9 5.1 513.0 0 -1018499.6 

cyclohexadiene Ethanol 298 -612756.5 3.7 4.3 321.3 0 -612427.2 

nitrosobenzene Ethanol 298 -949054.5 3.7 6.2 260.0 0 -948784.7 

TS_B Ethanol 298 -1561766.1 3.7 5.9 595.6 0 -1561160.8 

cyclohexadiene Chloroform 298 -612750.0 3.7 4.1 321.4 0 -612420.8 

nitrosobenzene Chloroform 298 -949046.0 3.7 6.2 260.0 0 -948776.2 

TS_B Chloroform 298 -1561753.8 3.7 5.5 595.8 0 -1561148.7 

cyclohexadiene Benzene 298 -612756.1 3.7 4.0 321.5 0 -612426.9 

nitrosobenzene Benzene 298 -949050.9 3.7 6.2 260.0 0 -948781.0 

TS_B Benzene 298 -1561762.8 3.7 4.9 595.9 0 -1561157.6 

furan Acetonitrile 300 -603822.2 3.7 4.5 183.0 0 -603631.0 

maleic anhydride Acetonitrile 300 -995668.1 3.7 6.2 150.6 0 -995507.5 

TS_C Acetonitrile 300 -1599432.3 3.7 6.2 346.7 0 -1599075.70 

 

  



Table S10 Total energies and respective energetic terms for all reactants, products, and TSs based on IGT 

(kJ mol-1). 

solute solvent Temp Eelec Etrans Erot Evib PV H 

cyclopentadiene Ethanol 313 -509306.2 3.9 3.9 242.3 2.6 -509291.2 

TS_A Ethanol 313 -1019022.7 3.9 3.9 500.3 2.6 -1018512.0 

cyclopentadiene THF 313 -509545.6 3.9 3.9 242.5 2.6 -509292.8 

TS_A THF 313 -1019025.3 3.9 3.9 500.7 2.6 -1018514.6 

cyclopentadiene Toluene 313 -509306.1 3.9 3.9 242.4 2.6 -509291.1 

TS_A Toluene 313 -1019023.5 3.9 3.9 500.3 2.6 -1018512.5 

cyclopentadiene cyclohexane 313 -509543.6 3.9 3.9 242.6 2.6 -509290.7 

TS_A cyclohexane 313 -1019022.6 3.9 3.9 500.7 2.6 -1018511.5 

cyclopentadiene cyclohexane 333 -509543.6 4.2 4.2 243.6 2.8 -509289.0 

TS_A cyclohexane 333 -1019022.6 4.2 4.2 503.5 2.8 -1018508.1 

cyclopentadiene cyclohexane 353 -509543.6 4.4 4.4 244.7 2.9 -509287.2 

TS_A cyclohexane 353 -1019022.6 4.4 4.4 506.4 2.9 -1018504.5 

cyclopentadiene cyclohexane 373 -509543.6 4.7 4.7 246.0 3.1 -509285.3 

TS_A cyclohexane 373 -1019022.6 4.7 4.7 509.6 3.1 -1018500.6 

cyclopentadiene cyclohexane 393 -509543.6 4.9 4.9 247.3 3.3 -509283.2 

TS_A cyclohexane 393 -1019022.6 4.9 4.9 513.0 3.3 -1018496.5 

cyclohexadiene Ethanol 298 -612756.5 3.7 3.7 321.3 2.5 -612425.3 

nitrosobenzene Ethanol 298 -949054.5 3.7 3.7 260.0 2.5 -948784.7 

TS_B Ethanol 298 -1561766.1 3.7 3.7 595.6 2.5 -1561160.5 

cyclohexadiene Chloroform 298 -612750.0 3.7 3.7 321.4 2.5 -612418.8 

nitrosobenzene Chloroform 298 -949046.0 3.7 3.7 260.0 2.5 -948776.2 

TS_B Chloroform 298 -1561753.8 3.7 3.7 595.8 2.5 -1561148.1 

cyclohexadiene Benzene 298 -612756.1 3.7 3.7 321.4 2.5 -612424.9 

nitrosobenzene Benzene 298 -949050.9 3.7 3.7 260.0 2.5 -948781.0 

TS_B Benzene 298 -1561762.8 3.7 3.7 595.8 2.5 -1561157.3 

furan Acetonitrile 300 -603822.2 3.7 3.7 183.0 2.5 -603629.3 

maleic anhydride Acetonitrile 300 -995668.1 3.7 3.7 150.6 2.5 -995507.5 

TS_C Acetonitrile 300 -1599432.3 3.7 3.7 346.7 2.5 -1599075.7 

 

  



Appendix 1. A model of the restricted rotation of a dipole in an electrostatic field. 

 

A rotational term was modeled based on the restricted rotation of a dipole in an electrostatic field as 

depicted in the figure below. 

 

 
Fig. 2 Diagram summarizing the restricted rotation of a dipole (µ) in an electrostatic field (Ef). 

 

The orientation of a rigid rotor can be specified using the Euler angles θ, φ and ψ, which have ranges 

of 0 to π, 0 to 2π, and 0 to 2π, respectively. The rotational Hamiltonian for the kinetic energy of such 

a rotor can be written in terms of these angles and their conjugate momenta (pθ, pφ and pψ). Assuming 

that the dipole moment lies along the molecule-fixed z-axis and the external electric field is collinear, 

neither ψ nor φ will be included in the Hamiltonian. In this case, the electrostatic restriction on 

rotation will be along the angle θ and the Hamiltonian for a linear, non-linear and polar molecule 

having dipole moment µ in an electric field (Ef) can be represented as 

ℋrot.,linear = 1
2𝐼𝐼
�𝑝𝑝𝜃𝜃2 + 1

sin2 𝜃𝜃
𝑝𝑝𝜑𝜑2� + 𝜇𝜇𝐸𝐸f(1− cos𝜃𝜃)    (A1.1) 

and 

ℋrot.,non−linear = sin2 𝜓𝜓
2𝐼𝐼𝑎𝑎

�𝑝𝑝𝜃𝜃 −
cos𝜓𝜓

sin𝜃𝜃 sin𝜓𝜓
�𝑝𝑝𝜙𝜙 − cos𝜃𝜃𝑝𝑝𝜓𝜓��

2

  

+ cos2𝜓𝜓
2𝐼𝐼𝑏𝑏

�𝑝𝑝𝜃𝜃 −
cos𝜓𝜓

sin𝜃𝜃 sin𝜓𝜓
�𝑝𝑝𝜙𝜙 − cos𝜃𝜃𝑝𝑝𝜓𝜓��

2

+ 1
2𝐼𝐼𝑐𝑐
𝑝𝑝𝜓𝜓2 + 𝜇𝜇𝐸𝐸f(1− cos𝜃𝜃)    (A1.2) 

The last term in both Eqs. (A1) and (A2) represents the potential energy associated with the molecular 

dipole in the electric field. In the case that the Hamiltonian is defined, we can obtain classical partition 

functions based on the integrals 

𝑞𝑞rot.,linear =   1
𝜎𝜎 ∫ ∫ ∫ ∫ 1

ℎ2
𝑒𝑒−ℋ𝑟𝑟𝑟𝑟𝑟𝑟(𝑝𝑝,𝑞𝑞)/𝑘𝑘𝐵𝐵𝑇𝑇d𝑝𝑝𝜃𝜃d𝑝𝑝𝜙𝜙d𝜃𝜃d𝜙𝜙2𝜋𝜋

0
𝜋𝜋
0

∞
−∞

∞
−∞    (A1.3) 

and 

𝑞𝑞rot,non linear =  

  1
𝜎𝜎 ∫ ∫ ∫ ∫ ∫ ∫ 1

ℎ3
𝑒𝑒−ℋ𝑟𝑟𝑟𝑟𝑟𝑟(𝑝𝑝,𝑞𝑞)/𝑘𝑘𝐵𝐵𝑇𝑇d𝑝𝑝𝜃𝜃d𝑝𝑝𝜙𝜙d𝑝𝑝𝜓𝜓d𝜃𝜃d𝜙𝜙d𝜓𝜓2𝜋𝜋

0
2𝜋𝜋
0

𝜋𝜋
0

∞
−∞

∞
−∞

∞
−∞    (A1.4) 

These integrals can be used to calculate qrot as 



𝑞𝑞rot.,linear = 1
𝜎𝜎
𝑘𝑘B𝑇𝑇
2ℎ𝑐𝑐𝐵𝐵�

𝑘𝑘𝐵𝐵𝑇𝑇
2𝜇𝜇𝜇𝜇

�1 − exp(−2𝜇𝜇𝐸𝐸f
𝑘𝑘B𝑇𝑇

)�     (A1.5) 

and 

𝑞𝑞rot,non linear = 1
𝜎𝜎
�𝑘𝑘B𝑇𝑇
ℎ𝑐𝑐
�
3
2 � 𝜋𝜋

𝐴𝐴�𝐵𝐵�𝐶̃𝐶
�
1
2 𝑘𝑘𝐵𝐵𝑇𝑇
2𝜇𝜇𝜇𝜇

�1 − exp(−2𝜇𝜇𝐸𝐸f
𝑘𝑘B𝑇𝑇

)�    (A1.6) 

Based on statistical thermodynamics, the rotational entropy (Srot.) is calculated as 

𝑆𝑆rot. = 𝑑𝑑
𝑑𝑑𝑑𝑑

(−𝑅𝑅𝑅𝑅 ln𝑞𝑞rot.)       (A1.7) 

The entropy value can then be obtained according to the equations 

𝑆𝑆rot,linear =  

𝑅𝑅[ln �1
𝜎𝜎

𝑘𝑘B𝑇𝑇
2ℎ𝑐𝑐𝐵𝐵�𝑋𝑋

[1− exp(−X)]� − 𝑋𝑋 exp(−X)
[1−exp(−X)] + 2]      (A1.8) 

and 

𝑆𝑆rot,non−linear =  

𝑅𝑅[ln �1
𝜎𝜎
�𝑘𝑘B𝑇𝑇
ℎ𝑐𝑐
�
3
2 � 𝜋𝜋

𝐴𝐴�𝐵𝐵�𝐶̃𝐶
�
1
2 1
X

[1− exp(−X)]� − 𝑋𝑋exp(−X)
[1−exp(−X)] + 5

2
]     (A1.9) 

Where 

𝑋𝑋 = 2𝜇𝜇𝐸𝐸f
𝑘𝑘B𝑇𝑇

         (A1.10) 

A molecule with a polarizability of P has an induced dipole moment µi, by the surrounding electric 

field Ef, according to: 

𝐸𝐸 = 𝜇𝜇i
𝛼𝛼

         (A1.11) 

µi is estimated by the difference between µ and the permanent dipole moment (the dipole moment 

without a cavity), µp: 

𝜇𝜇i = 𝜇𝜇 − 𝜇𝜇p        (A1.12) 

 

 

  



Appendix 2. Specific procedure to calculate thermodynamic data using Gaussian program. 

 

 

Sample input file for nitrosobenzene. 

 

 

                                                         

% chk=sample.chk 

#p opt freq wb97xd/6-311++g(d,p) scrf=(solvent=ethanol,read) 

 

Title Card Required 

 

0 1 

C                  1.26978100   -1.33231400   -0.00001700 

 C                 -0.09394100   -1.09979600    0.00000300 

 C                 -0.55205100    0.22008500   -0.00005400 

 C                  0.33233400    1.29555900    0.00001100 

 C                  1.69973000    1.05269400    0.00003600 

 C                  2.16335000   -0.25836100   -0.00002300 

 H                  1.64677500   -2.34809600    0.00005300 

 H                 -0.80788100   -1.91431000    0.00013500 

 H                 -0.06491800    2.30432900   -0.00000400 

 H                  2.40011900    1.87891900    0.00006800 

 H                  3.23019100   -0.45082800   -0.00002500 

 N                 -1.93914700    0.57634200   -0.00001900 

 O                 -2.71818400   -0.34645200    0.00002100 

 

alpha=1.2 

 

--Link1-- 

% chk=sample.chk 

#p wb97xd/6-311++g(d,p) scrf=(solvent=ch3oh,read)  

geom=allcheck guess=(read,only) 

 

alpha=1.0 

 



--Link1-- 

% chk=sample.chk 

# wb97xd/6-311++g(d,p) geom=allcheck guess=read 

                                                         
*The route section "#p" is required to display the cavity size in the results. 

 

1. Geometric optimization and a frequency analysis were conducted using PCMs with van der Waals 

radii (employing UFF in the case of this sample) scaled by α = 1.2 (as opposed to the default value 

of 1.1 in Gaussian 16). The results provided the molecular weight, m, Vα=1.2, the dipole-moment, 

µ, rotational constants (𝐴̃𝐴, 𝐵𝐵� , 𝐶̃𝐶) (or rotational temperatures ΘA, ΘB, ΘC) and the polarizability, 

P. It was considered that any molecular orbital and density functional theory method could be 

employed with PCMs and that the frequency scaling factor was preferably obtained in advance. 

 

 
 

 



 
 

 

 

 

  



2. A single point calculation was conducted using PCMs for the structure optimized in step (1) with 

the same van der Waals radii scaled by α = 1.0. The result provided Vα=1.0 after which the free 

volume, Vfree, could be calculated as 

𝑣𝑣free =  �𝑉𝑉𝑎𝑎=1.2
1/3 − 𝑉𝑉𝑎𝑎=1.0

1/3 �
3
. 

    

 
 

 The translational entropy, qtrans, Strans., was calculated using the corrected Sackur-Tetrode equation, 

written as 

𝑞𝑞trans = �𝑣𝑣free �
2π𝑚𝑚𝑘𝑘𝐵𝐵𝑇𝑇

ℎ2
�
3
2�  

𝐸𝐸trans =  3
2𝑅𝑅𝑅𝑅  

𝑆𝑆trans = 𝑅𝑅[ln�𝑣𝑣free �
2π𝑚𝑚𝑘𝑘𝐵𝐵𝑇𝑇

ℎ2
�
3
2� + 3

2
].  

 
 
 



Taking nitrosobenzene in ethanol as an example, these calculations become 

 
𝑣𝑣free =  �𝑉𝑉𝑎𝑎=1.2

1/3 − 𝑉𝑉𝑎𝑎=1.0
1/3 �

3
= (186.1261/3 − 129.6041/3)3 × 10−30 = 2.73243 × 10−31  

 
and 

𝑞𝑞trans = �𝑣𝑣free �
2π𝑚𝑚𝑘𝑘𝐵𝐵𝑇𝑇

ℎ2
�
3
2
�

= 2.73243 × 10−31 �
2π × 107.03711

6.02 × 10−23 × 1000
× 1.38 × 10−23 × 298.15

(6.63 × 10−34)2 �

3
2

 

𝐸𝐸trans =  
3
2𝑅𝑅𝑅𝑅 

𝑆𝑆trans = 8.314

⎣
⎢
⎢
⎢
⎡
ln

⎝

⎜
⎛

2.73243 × 10−31 �
2π × 107.03711

6.02 × 10−23 × 1000
× 1.38 × 10−23 × 298.15

(6.63 × 10−34)2 �

3
2

⎠

⎟
⎞

+
3
2

⎦
⎥
⎥
⎥
⎤
 

= 59.7 [J mol-1 K-1]. 
  



3. A single-point calculation was conducted for the same structure without PCMs and the result 

provided the dipole moment in a vacuum, µp. The induced dipole moment, µi, and surrounding 

electric field, Ef, were then calculated using the equations 

𝜇𝜇i = 𝜇𝜇 − 𝜇𝜇p  

and 

𝐸𝐸f = 𝜇𝜇i
𝛼𝛼

. 

 

 
 

In the case of nitrosobenzene, these calculations are 

𝜇𝜇i = 𝜇𝜇 − 𝜇𝜇p = (4.8877[debye] −  3.8847 [debye]) × 3.33564 × 10−30 = 3.346 × 10−31[C m]   

and 

𝐸𝐸f = 𝜇𝜇i
𝛼𝛼

= 3.346×10−31[C m]
104.42713×1.65×10−41[C2 m2 J−1]

= 1.94 × 109 [J m−1 C−1].  

 
Units 

Units in GaussView SI 

Dipole moment: 1 [Debye] 3.33564 x 10-30 [C m] 

Polarizability: 1 [au] 1.648777 x 10-41 [C2 m2 J-1] 

 
 
 



The rotational entropy, Srot., could be calculated by inserting the values obtained according to 

the procedures noted above along with the relevant constants into the equations 

 

𝑞𝑞rot,linear = 1
𝜎𝜎
𝑇𝑇
𝛩𝛩B

1
𝑋𝑋

{1 − exp(−𝑋𝑋)}  

𝐸𝐸rot,linear = 𝑅𝑅𝑅𝑅 �2 − 𝑋𝑋exp(−X)
1−exp(−𝑋𝑋)

�  

𝑆𝑆rot,linear = 𝑅𝑅 �ln �1
𝜎𝜎
𝑘𝑘B𝑇𝑇
2ℎ𝑐𝑐𝐵𝐵�

1−exp(−X)
X

� − 𝑋𝑋 exp(−X)
1−exp(−X)

+ 2�  

= 𝑅𝑅 �ln �1
𝜎𝜎

𝑇𝑇
𝛩𝛩B

1−exp(−X)
X

� − 𝑋𝑋 exp(−X)
1−exp(−X)

+ 2�  

and 

𝑞𝑞rot,non linear = 𝑛𝑛iso√𝜋𝜋
𝜎𝜎

� 𝑇𝑇3

𝛩𝛩A𝛩𝛩B𝛩𝛩C
�

1
2 1−exp(−X)

X
  

𝐸𝐸rot,non linear = 𝑅𝑅𝑅𝑅 �5
2
− Xexp(−𝑋𝑋)

1−exp(−𝑋𝑋)
�  

𝑆𝑆rot, non-linear = 𝑅𝑅 �ln �𝑛𝑛iso
𝜎𝜎
�𝑘𝑘B𝑇𝑇
ℎ𝑐𝑐
�
3
2 � 𝜋𝜋

𝐴𝐴�𝐵𝐵�𝐶𝐶
�
1
2 1−exp(−X)

X
� − 𝑋𝑋exp(−X)

1−exp(−X)
+ 5

2
�  

= 𝑅𝑅 �ln �𝑛𝑛iso√𝜋𝜋
𝜎𝜎

� 𝑇𝑇3

𝛩𝛩A𝛩𝛩B𝛩𝛩C
�
1
2 1−exp(−X)

X
� − 𝑋𝑋exp(−X)

1−exp(−X)
+ 5

2
�  

 

Taking nitrosobenzen as an example, these calculations are 

 
𝛩𝛩A = 0.25379 [K]  
𝛩𝛩B = 0.07941 [K]  
𝛩𝛩C = 0.06048 [𝐾𝐾]  

  𝑋𝑋 = 2𝜇𝜇𝜇𝜇
𝑘𝑘𝐵𝐵𝑇𝑇

= 2×4.89×3.33564×10−30×1.94×109

1.381×10−23 ×298
= 15.40 [−] 

and 
𝑞𝑞rot,non−linear =  

3.140.5

2
� 298.153

0.25379×0.07941×0.06048
�
0.5

= 101.8 [J K−1 mol−1].  

𝐸𝐸rot,non−linear =  

8.314 × 298.15 × �5
2
− 15.40exp(−15.40)

[1−exp(−15.40)] �  

= 6.197 [kJ mol−1].  



 
𝑆𝑆rot,non−linear =  

8.314 �ln �3.140.5

2
� 298.153

0.25379×0.07941×0.06048
�
0.5 1−exp(−15.40)

15.40 � − 15.40exp(−15.40)
1−exp(−15.40) + 5

2
�  

= 101.8 [J  mol−1 K−1].  
  



4. The vibrational terms without scaling parameters could be obtained from the thermochemistry 

output file. 

 

In the case of nitrosobenzene in ethanol, this file was as follows. 

 

𝑞𝑞vib = 9.23499 

𝐸𝐸zpe = 0.097852 × 2625.506 [kJ mol−1] = 256.9 [kJ mol−1] 

𝐸𝐸vib = 63.51 [kcal mol−1] = 265.7 [kJ mol−1] 

𝑆𝑆vib = 11.489 [cal mol−1 K−1] = 48.1 [J mol−1 K−1] 

 

 
 
Applying fvib and fzpe, we can obtain scaled parameters. 

𝑞𝑞vib scaled = 11.139 

𝐸𝐸zpe scaled = 250.5 [kJ mol−1] 

𝐸𝐸vib scaled = 63.51 [kcal mol−1] = 259.97 [kJ mol−1] 

𝑆𝑆vib scaled = 51.87 [J mol−1 K−1] 



 
5. The configurational entropy at a concentration of C was calculated from Vcav and Vsolute. As an 

example, for a solute at a concentration of 1 mol dm-3 in a solvent volume of 1 dm3, we have the 

following.  

 
𝐶𝐶 = 1 [mol dm−3],  
𝑉𝑉solution = 1 [dm3],  
𝑁𝑁solute = 𝐶𝐶 ∙ 𝐿𝐿 ∙ 𝑉𝑉solution = 1 [mol dm−3] × 6.02 × 1023[mol−1] × 1 [dm3] = 6.02 × 1023,  

𝑁𝑁cells = 𝑉𝑉solution
𝑉𝑉cav

= 1×1027 [Å3]
186.126[Å3]

= 5.3727 × 1024  

and 

 

𝑞𝑞config ≈ exp � 𝑁𝑁cell
𝑁𝑁solute

ln 𝑁𝑁cell
𝑁𝑁solute

− � 𝑁𝑁cell
𝑁𝑁solute

− 1� ln � 𝑁𝑁cell
𝑁𝑁solute

− 1��  

 = exp �
5.37 × 1023

6.02 × 1023
ln

5.37 × 1023

6.02 × 1023
− �

5.37 × 1023

6.02 × 1023
− 1� ln�

5.37 × 1023

6.02 × 1023
− 1�� = 22.9 [−] 

 𝐸𝐸config = 0 [kJ mol−1]  
𝑆𝑆config = 8.314  [J mol−1 K−1] × 22.9 = 26.0 [J mol−1 K−1]  

 
 
6. Finally, the entropic terms obtained as noted above are summed. 

 

Using nitrosobenzene as an example, this summation would be 

 
H = U = Eelec + Etrans + Erot + Evib + Econfig 

     = Eelec + 3.7 + 6.2 + 260.0 + 0 = Eelec +269.9 

 

S = Selec + Strans + Srot + Svib + Sconfig 

= 0 + 59.7 + 101.8 + 51.9 + 26.0 = 239.3 

 
 
 
  



Appendix 3. Calculations S and G at temperature of 298.15 K and a concentration of 1 mol dm-3 based 

on IGT. 

 

The partition function and entropy at 1 atm and 298.15 K can be written as: 

𝑞𝑞trans_IGT at 1 atm = 𝑉𝑉 �2π𝑚𝑚𝑘𝑘𝐵𝐵𝑇𝑇
ℎ2

�
3
2 = 𝑅𝑅𝑅𝑅

𝑝𝑝
�2π𝑚𝑚𝑘𝑘𝐵𝐵𝑇𝑇

ℎ2
�
3
2 = 8.314×298.15

101300
�2π𝑚𝑚𝑘𝑘𝐵𝐵𝑇𝑇

ℎ2
�
3
2,  

 

𝑆𝑆trans_IGT at 1 atm = 𝑅𝑅 �ln�8.314×298.15
101300×𝑁𝑁A

�2π𝑚𝑚𝑘𝑘𝐵𝐵𝑇𝑇
ℎ2

�
3
2�+ 5

2
�.  

 

A pressure of 24.5 (24.47) atm in a volume of 1 dm3 corresponds to a concentration of 1 mol dm−3 at 

298.15 K based on the ideal gas equation of state. 

 

𝑞𝑞trans_IGT at 1 mol dm−3 = 𝑉𝑉 �2π𝑚𝑚𝑘𝑘𝐵𝐵𝑇𝑇
ℎ2

�
3
2 = 8.314×298.15

24.47×101300
�2π𝑚𝑚𝑘𝑘𝐵𝐵𝑇𝑇

ℎ2
�
3
2 = 0.001 �2π𝑚𝑚𝑘𝑘𝐵𝐵𝑇𝑇

ℎ2
�
3
2  

 

𝑆𝑆trans_IGT at 1 mol dm−3 = 𝑅𝑅 �ln�0.001
𝑁𝑁A

�2π𝑚𝑚𝑘𝑘𝐵𝐵𝑇𝑇
ℎ2

�
3
2�+ 5

2
�.  

 

Consequently, the S and G corrections for converting the state at 1 atm to 1 mol dm−3 at 298.15 K can 

be calculated as -26.78 J mol−1 K−1 and +7.98 Jmol−1. 

 

  ∆𝑆𝑆(1 atm → 1 mol dm3) = 𝑆𝑆transIGTat 1 mol dm−3 − 𝑆𝑆transIGTat 1 atm 

= 𝑅𝑅 ln
101300 × 0.001
8.314 × 298.15

= −26.6 [J mol−1 K−1] 

 
∆𝐺𝐺(1 atm → 1 mol dm3) = −𝑇𝑇∆𝑆𝑆(1 atm → 1 mol dm3) = −298.15 × −26.58

= 7.93 [kJ mol−1]  
 
  



Appendix 4. Derivation Eqn (21) from Eqn (22) 

 

𝑞𝑞configuration = 𝑊𝑊
1

𝑁𝑁solute = � 𝑁𝑁cell !
𝑁𝑁solute !(𝑁𝑁cell−𝑁𝑁solute) !

�
1

𝑁𝑁solute  

 

ln𝑞𝑞configuration = 1
𝑁𝑁solute

ln � 𝑁𝑁cell !
𝑁𝑁solute !(𝑁𝑁cell−𝑁𝑁solute) !

�  

Applying the approximation (N ln N – N ≈ ln N!) gives 

ln𝑞𝑞config = 1
𝑁𝑁solute

ln[𝑁𝑁cell ! − {𝑁𝑁solute ! + (𝑁𝑁cell − 𝑁𝑁solute) !}]  

= 1
𝑁𝑁solute

[𝑁𝑁cell ln𝑁𝑁cell − 𝑁𝑁cell − {𝑁𝑁solute ln𝑁𝑁solute − 𝑁𝑁solute + (𝑁𝑁cell − 𝑁𝑁solute) ln(𝑁𝑁cell −

𝑁𝑁solute)− (𝑁𝑁cell − 𝑁𝑁solute)}]  

= 1
𝑁𝑁solute

[𝑁𝑁cell ln𝑁𝑁cell − {𝑁𝑁solute ln𝑁𝑁solute + (𝑁𝑁cell − 𝑁𝑁solute) ln(𝑁𝑁cell − 𝑁𝑁solute)}]  

= 1
𝑁𝑁solute

�𝑁𝑁cell ln𝑁𝑁cell − �𝑁𝑁solute ln𝑁𝑁solute + 𝑁𝑁solute �
𝑁𝑁cell
𝑁𝑁solute

− 1� ln𝑁𝑁solute �
𝑁𝑁cell
𝑁𝑁solute

− 1���  

= 1
𝑁𝑁solute

�𝑁𝑁cell ln𝑁𝑁cell − 𝑁𝑁solute ln𝑁𝑁solute − 𝑁𝑁solute �
𝑁𝑁cell
𝑁𝑁solute

− 1� ln𝑁𝑁solute �
𝑁𝑁cell
𝑁𝑁solute

− 1��  

= 𝑁𝑁cell
𝑁𝑁solute

ln𝑁𝑁cell − ln𝑁𝑁solute − � 𝑁𝑁cell
𝑁𝑁solute

− 1� ln𝑁𝑁solute �
𝑁𝑁cell
𝑁𝑁solute

− 1�  

= 𝑁𝑁cell
𝑁𝑁solute

ln𝑁𝑁cell − ln𝑁𝑁solute − � 𝑁𝑁cell
𝑁𝑁solute

− 1� ln𝑁𝑁solute − � 𝑁𝑁cell
𝑁𝑁solute

− 1� ln � 𝑁𝑁cell
𝑁𝑁solute

− 1�  

= 𝑁𝑁cell
𝑁𝑁solute

ln𝑁𝑁cell − ln𝑁𝑁solute −
𝑁𝑁cell
𝑁𝑁solute

ln𝑁𝑁solute + ln𝑁𝑁solute − � 𝑁𝑁cell
𝑁𝑁solute

− 1� ln � 𝑁𝑁cell
𝑁𝑁solute

− 1�  

= 𝑁𝑁cell
𝑁𝑁solute

ln𝑁𝑁cell −
𝑁𝑁cell
𝑁𝑁solute

ln𝑁𝑁solute − � 𝑁𝑁cell
𝑁𝑁solute

− 1� ln � 𝑁𝑁cell
𝑁𝑁solute

− 1�  

= 𝑁𝑁cell
𝑁𝑁solute

ln 𝑁𝑁cell
𝑁𝑁solute

− � 𝑁𝑁cell
𝑁𝑁solute

− 1� ln � 𝑁𝑁cell
𝑁𝑁solute

− 1�  

 

ln𝑞𝑞config = 𝑁𝑁cell
𝑁𝑁solute

ln 𝑁𝑁cell
𝑁𝑁solute

− � 𝑁𝑁cell
𝑁𝑁solute

− 1� ln � 𝑁𝑁cell
𝑁𝑁solute

− 1�  

↔ 𝑞𝑞config = exp � 𝑁𝑁cell
𝑁𝑁solute

ln 𝑁𝑁cell
𝑁𝑁solute

− � 𝑁𝑁cell
𝑁𝑁solute

− 1� ln � 𝑁𝑁cell
𝑁𝑁solute

− 1��  

  



Appendix 5 Gibbs energy formalisms based on statistical thermodynamics for nonlocalized and localized 

system. 

 
Based on statistical thermodynamics, the Gibbs energy at a temperature T can be defined in terms of a 
canonical partition function, Q, as: 
 
𝐺𝐺(𝑇𝑇) = 𝐺𝐺(0 K) − 𝑘𝑘B𝑇𝑇 ln𝑄𝑄 + 𝑃𝑃𝑃𝑃.       (A6.1) 

 
The Q value for independent and indistinguishable molecules (that is, a nonlocalized system) is obtained from 
the molecular partition function as: 
 

𝑄𝑄 = 1
𝑁𝑁!
𝑞𝑞𝑁𝑁.          (A6.2) 

 
Substituting this relationship into Eq. (A6.1) gives: 
 

𝐺𝐺 = 𝐺𝐺(0 K) − 𝑘𝑘B𝑇𝑇 ln 1
𝑁𝑁!
𝑞𝑞𝑁𝑁 + 𝑃𝑃𝑃𝑃.       (A6.3) 

 

Applying the Stirling's approximation to Eq. (A6.3) then provides: 

 

𝐺𝐺 = 𝐺𝐺(0 K) − 𝑘𝑘B𝑁𝑁𝑇𝑇 ln 𝑞𝑞 + 𝑘𝑘B𝑇𝑇 ln 1
𝑁𝑁!

+ 𝑃𝑃𝑃𝑃  

= 𝐺𝐺(0 K) − 𝑘𝑘B𝑁𝑁𝑇𝑇 ln 𝑞𝑞 + 𝑘𝑘B𝑁𝑁𝑇𝑇 ln𝑁𝑁 − 𝑘𝑘B𝑁𝑁𝑇𝑇 + 𝑃𝑃𝑃𝑃  

= 𝐺𝐺(0 K) − 𝑛𝑛𝑛𝑛𝑛𝑛 ln 𝑞𝑞 + 𝑛𝑛𝑅𝑅𝑅𝑅 ln𝑁𝑁 − 𝑛𝑛𝑅𝑅𝑅𝑅 + 𝑛𝑛𝑛𝑛𝑛𝑛  

= 𝐺𝐺(0 K) − 𝑛𝑛𝑛𝑛𝑛𝑛 ln 𝑞𝑞
𝑁𝑁

.       (A6.4)  

 
On this basis, the standard molar Gibbs energy (Gm°) can be defined in terms of a molar partition function at 
the standard state (q°) as: 
 

𝐺𝐺m° (𝑇𝑇) = 𝐺𝐺m(0 K) − 𝑅𝑅𝑅𝑅 ln 𝑞𝑞°

𝐿𝐿
.         (A6.5) 

 
Here, we consider a general chemical reaction: 
 

aA + bB → cC + dD,        (A6.6) 
 
where A, B, C and D are the reactants or products of the reaction and a, b, c and d are the stoichiometric 
coefficients. In this case, the change in G for the reaction between reactants in their standard states at the 
same temperature (∆rG°) will be: 
 

Δr𝐺𝐺° = 𝑐𝑐𝐺𝐺m° (C,𝑇𝑇) + 𝑑𝑑𝐺𝐺m° (D,𝑇𝑇) − {𝑎𝑎𝐺𝐺m° (A,𝑇𝑇) + 𝑏𝑏𝐺𝐺m° (B,𝑇𝑇)}  

= 𝑐𝑐𝐺𝐺m(C, 0 K) + 𝑑𝑑𝐺𝐺m(D, 0 K)− {𝑎𝑎𝐺𝐺m(A, 0 K) + 𝑏𝑏𝐺𝐺m(B, 0 K)} −𝑅𝑅𝑅𝑅 �𝑐𝑐 ln 𝑞𝑞C
°

𝐿𝐿
+ 𝑑𝑑 ln 𝑞𝑞D

°

𝐿𝐿
− 𝑎𝑎 ln 𝑞𝑞A

°

𝐿𝐿
− 𝑏𝑏 ln 𝑞𝑞B

°

𝐿𝐿
�  



 = Δr𝐺𝐺(0 K) −𝑅𝑅𝑅𝑅 �𝑐𝑐 ln 𝑞𝑞C
°

𝐿𝐿
+ 𝑑𝑑 ln 𝑞𝑞D

°

𝐿𝐿
− 𝑎𝑎 ln 𝑞𝑞A

°

𝐿𝐿
− 𝑏𝑏 ln 𝑞𝑞B

°

𝐿𝐿
� .     (A6.7) 

 
Because ∆rG(0 K) is equal to the potential energy, ∆rE0, the above becomes: 
 

Δr𝐺𝐺° = Δr𝐸𝐸0 − 𝑅𝑅𝑅𝑅 �𝑐𝑐 ln 𝑞𝑞C°

𝐿𝐿
+ 𝑑𝑑 ln 𝑞𝑞D°

𝐿𝐿
− 𝑎𝑎 ln 𝑞𝑞A°

𝐿𝐿
− 𝑏𝑏 ln 𝑞𝑞B°

𝐿𝐿
�  

= Δr𝐸𝐸0 − 𝑅𝑅𝑅𝑅 ln
�
𝑞𝑞C

°

𝐿𝐿
�
𝑐𝑐

�𝑞𝑞D
°

𝐿𝐿
�
𝑑𝑑

�
𝑞𝑞A

°

𝐿𝐿
�
𝑎𝑎

�
𝑞𝑞B

°

𝐿𝐿
�
𝑏𝑏  

↔ Δr𝐺𝐺°

𝑅𝑅𝑅𝑅
= Δr𝐸𝐸0

𝑅𝑅𝑅𝑅
− ln

�
𝑞𝑞C

°

𝐿𝐿
�
𝑐𝑐

�𝑞𝑞D
°

𝐿𝐿
�
𝑑𝑑

�
𝑞𝑞A

°

𝐿𝐿
�
𝑎𝑎

�
𝑞𝑞B

°

𝐿𝐿
�
𝑏𝑏 .       (A6.8) 

Taking the exponential of both sides, we obtain the relationship: 
 

�
𝑞𝑞C

°

𝐿𝐿
�
𝑐𝑐

�𝑞𝑞D
°

𝐿𝐿
�
𝑑𝑑

�
𝑞𝑞A

°

𝐿𝐿
�
𝑎𝑎

�
𝑞𝑞B

°

𝐿𝐿
�
𝑏𝑏 exp �− Δr𝐸𝐸0

𝑅𝑅𝑅𝑅
� = exp �− Δr𝐺𝐺°

𝑅𝑅𝑅𝑅
�.      (A6.9) 

In contrast, Q for independent and distinguishable molecules (that is, a localized system) is obtained from 
the molecular partition function as: 
 

𝑄𝑄 = 𝑞𝑞𝑁𝑁  .          
         (A6.10) 

 
In the liquid phase,PV is assumed to be zero. On this basis, Gm° can be defined as: 
 
𝐺𝐺m° (𝑇𝑇) = 𝐺𝐺m° (0 K) − 𝑛𝑛𝑛𝑛𝑛𝑛 ln𝑞𝑞° .      (A6.11) 

 
The change in Gibbs energy for the reaction in Eq. (A6.6), ∆rG°, will then be: 
 

Δr𝐺𝐺° = 𝑐𝑐𝐺𝐺m(C, 0 K) + 𝑑𝑑𝐺𝐺m(D, 0 K) − {𝑎𝑎𝐺𝐺m(A, 0 K) + 𝑏𝑏𝐺𝐺m(B, 0 K)} − 𝑅𝑅𝑅𝑅�𝑐𝑐 ln𝑞𝑞C° + 𝑑𝑑 ln 𝑞𝑞D° − 𝑎𝑎 ln 𝑞𝑞A° −
𝑏𝑏 ln𝑞𝑞B° �   

= Δr𝐸𝐸0 − 𝑅𝑅𝑅𝑅 ln �𝑞𝑞C° �
𝑐𝑐
�𝑞𝑞D° �

𝑑𝑑

�𝑞𝑞A° �
𝑎𝑎
�𝑞𝑞B° �

𝑏𝑏  

↔ −Δr𝐺𝐺°

𝑅𝑅𝑅𝑅
= −Δr𝐸𝐸0

𝑅𝑅𝑅𝑅
+ ln �𝑞𝑞C° �

𝑐𝑐
�𝑞𝑞D° �

𝑑𝑑

�𝑞𝑞A° �
𝑎𝑎
�𝑞𝑞B° �

𝑏𝑏 .       (A6.12) 



 Taking the exponential of both sides gives: 

�𝑞𝑞C° �
𝑐𝑐
�𝑞𝑞D° �

𝑑𝑑

�𝑞𝑞A° �
𝑎𝑎
�𝑞𝑞B° �

𝑏𝑏 exp �− Δr𝐸𝐸0
𝑅𝑅𝑅𝑅

� = exp �− Δr𝐺𝐺°

𝑅𝑅𝑅𝑅
�.       (A6.13) 

 
  



Appendix 6 Effect of the choice of the standard state on kinetics in the IGT. 

In the IGT model, regardless of the chosen standard state (whether it is 1 atm or 1 mol dm-3), the 

same rate coefficient will be obtained if calculated consistently for that standard state. In the IGT 

model, the standard state is represented by defining the volume, so the partition function per unit 

volume is equal, regardless of the chosen standard state. As an example, in the case of calculations 

involving reaction A, the rate coefficients obtained from transition state theory are also equal, as 

shown blow. 

𝑘𝑘TST = 𝐿𝐿 𝑘𝑘B𝑇𝑇
ℎ

𝑞𝑞TS
°

𝑉𝑉TS
𝑞𝑞A

°

𝑉𝑉A
∙
𝑞𝑞B

°

𝑉𝑉B

exp �−∆𝐸𝐸0
‡

𝑅𝑅𝑅𝑅
�  

= 6.02 × 1023[mol−1] × 1.3806×10−23[m2 kg s−2 K−1]×313[K]
6.626×10−34[m2 kg s−1] × 8.43×1040[m−3]

2.81×1037[m−3]∙2.81×1037[m−3] ×

exp �− 58.432×1000[J mol−1]
8.314[m2 kg s−2 K−1mol−1]×313[K]�  

= 7.4 × 10−5 [dm3  mol−1 s−1] or [L  mol−1 s−1]   

 

𝑘𝑘TST,IGT at 1 mol dm−3 = 𝑘𝑘B𝑇𝑇
ℎ𝐶𝐶° exp�−

∆𝐺𝐺1 mol/L
‡°

𝑅𝑅𝑅𝑅
�   

∆𝐺𝐺1 mol/L
‡° = 101.5387 [kJ mol−1]  

𝑘𝑘TST,IGT at 1 mol dm−3 =

1.3806×10−23[m2 kg s−2 K−1]×313[K]
6.626×10−34[m2 kg s−1]

1
103[mol m−3] exp �− 101.5387×1000[J mol−1]

8.314[m2 kg s−2 K−1mol−1]×313[K]�  

= 7.4 × 10−5 [dm3  mol−1 s−1] or [L  mol−1 s−1]  

 

𝑘𝑘TST,IGT at 1 atm = 𝑘𝑘B𝑇𝑇
ℎ𝐶𝐶° exp �−∆𝐺𝐺1 atm

‡°

𝑅𝑅𝑅𝑅
� = 𝑘𝑘B𝑇𝑇

ℎ
𝑅𝑅𝑅𝑅
𝑝𝑝

exp �−∆𝐺𝐺1 atm
‡°

𝑅𝑅𝑅𝑅
�  

∆𝐺𝐺1 atm
‡° = 109.9863671 [kJ mol−1]  

𝑘𝑘TST,IGT at 1 atm =

1.3806×10−23[m2 kg s−2 K−1]×313[K]
6.626×10−34[m2 kg s−1]

8.314[m2 kg s−2 K−1mol−1]×313[K]
101300 [Pa]

exp �− 109.9863671×1000[J mol−1]
8.314[m2 kg s−2 K−1mol−1]×313[K]�                  

= 7.4 × 10−5 [dm3  mol−1 s−1] or [L  mol−1 s−1]  

  



Appendix 7 The rate coefficient calculation ignoring PV based on the IGT. 

 
In the IGT method, PV cannot be ignored when calculating the enthalpies of reactants A, B, and the 

activated complex TS. The rate coefficients calculated using the activation Gibbs energy without 

considering PV and those using partition function and potential energy difference, which should 

match, do not coincide.  

In a unimolecular reaction, the number of molecules of reactants and the activated complex are 

equal, so whether or not PV is considered, its effect cancels out. However, in a bimolecular reaction, 

since there is one more reactant molecule than TS, if PV is not considered, the value of the activation 

Gibbs energy would increase by RT (= PV). We are concerned that the rate coefficients calculated 

using the activation Gibbs energy without considering PV (eqn (56)) and those using the partition 

function and the potential energy difference (eqn (54)), which should ideally give the same result, in 

fact do not. We believe that this discrepancy arises from not applying equivalent corrections to the 

partition function despite correcting for RT (= PV) when determining the enthalpy (and Gibbs energy). 

In this study, to prioritize consistency between eqs (54) and (56), we did not ignore the PV term in 

the IGT method. However, if the sole purpose is to determine the enthalpy or Gibbs energy, we 

believe it is reasonable to neglect PV. 

 

Consider reaction A in ethanol. 

𝑘𝑘TST_IGT = 𝑘𝑘B𝑇𝑇
ℎ
𝐿𝐿

𝑞𝑞IGT,TS
°

𝑉𝑉°

𝑞𝑞IGT,A
°

𝑉𝑉° ∙
𝑞𝑞IGT,B

°

𝑉𝑉°

exp �− ∆𝐸𝐸0
‡

𝑅𝑅𝑅𝑅
�      (54) 

𝑘𝑘TST IGT = 1.3806×10−23[m2 kg s−2 K−1]×313.15[K]
6.626×10−34[m2 kg s−1] × 6.02 × 1023  

8.43×1040[m−3]
2.82×1037[m−3]∙2.82×1037[m−3] × exp �− 73.7386×1000[J mol−1]

8.314[m2 kg s−2 K−1mol−1]×313.15[K]�  

= 2.09 × 10−10 [m3 s−1 mol−1]  

= 2.1 × 10−7 [dm3  mol−1 s−1] or [L  mol−1 s−1]   

 

𝑘𝑘TST_IGT = 𝑘𝑘B𝑇𝑇
ℎ𝐶𝐶° exp�−

∆𝐺𝐺1 mol/L
‡°

𝑅𝑅𝑅𝑅
�       (56) 

𝑘𝑘TST IGT = 1.3806×10−23�m2 kg s−2 K−1�×313.15[K]
6.626×10−34[m2 kg s−1]

1
103[mol m−3]

exp �− 116.87×1000�J mol−1�
8.314[m2 kg s−2 K−1mol−1]×313.15[K]

�  

= 2.09 × 10−10 [m3 s−1 mol−1]  

= 2.1 × 10−7 [dm3  mol−1 s−1] or [L  mol−1 s−1]   



 

𝑘𝑘TST IGT = 𝑘𝑘B𝑇𝑇
ℎ𝐶𝐶° exp �−

∆𝐺𝐺1 mol/L,IGT,PV=0
‡°

𝑅𝑅𝑅𝑅
�  

=
1.3806×10−23�m2 kg s−2 K−1�×313[K]

6.626×10−34�m2 kg s−1�
1

103�mol m−3�
exp�− 116.87×1000+2602.282[J mol−1]

8.314�m2 kg s−2 K−1mol−1�×313[K]
�  

= 7.7 × 10−8 [dm3  mol−1 s−1] or [L  mol−1 s−1]  

Here, ΔG1mol/L,IGT,PV=0 represents the activation Gibbs energy calculated by the IGT method with PV set 

to zero. In the case of a bimolecular reaction, there is a relationship between the Gibbs energy 

considering PV (ΔG1mol/L,IGT,PV≠0) and the following. 

 

∆𝐺𝐺1 mol/L,IGT,PV=0
‡° = ∆𝐺𝐺1 mol/L,IGT,PV≠0

‡° + 𝑅𝑅𝑅𝑅  

 

It is evident from the above that the rate coefficients calculated using the two processes, which 

should be equivalent, do not agree. I attribute this discrepancy to the fact that the IGT method 

formulates the partition function on the basis of an ideal gas compressed to a volume of 1 dm3. 

Despite this, the gas is treated as ideal, leading to inaccurate results when calculating activation Gibbs 

energies and rate coefficients in accordance with statistical thermodynamics without considering PV. 

Of course, for the purpose of determining the enthalpy or Gibbs energy of the solute, PV can be 

considered negligible. 

The aim of the present study was to formulate the partition function for the solute and derive rate 

coefficients from this function. To ensure coherence between the rate coefficients derived from the 

partition function and those obtained from the activation Gibbs energy, we have opted not to ignore 

PV, even within the IGT method. 

Recognizing potential reader interest in how the rate coefficient changes when wPV is disregarded 

in the calculation of activation Gibbs energy, we have shown values of kTST,IGT ignoring wPV in following 

table and figure. This approach provided worse predictions compared to the normal IGT. 

 
  



TABLE. The activation enthalpies, activation entropies, activation Gibbs energies and rate coefficients 

for 12 reactions in various solvents based on the IGT technique (note that wPV work has been ignored 

in calculations of H). 

reacti

on 
solvent 

Temp. 

[K] 

∆H‡ 

[kJ mol-1] 

∆S‡ 

[J mol-1 K-1] 

∆G‡ 

[kJ mol-1] 

kTST,PV=0 

[dm3 mol-1 s-1] 

k'TST_wigner 

[dm3 mol-1 s-1] 

kexp 

[dm3 mol-1 s-1] 

A Ethanol 313 73.1 -148.2 119.5 7.7×10-8 8.9×10-8 4.6×10-6 a 

A THF 313 73.6 -148.2 119.4 7.9×10-8 9.1×10-8 2.5×10-6 a 

A Toluene 313 72.3 -149.0 118.9 9.6×10-8 1.1×10-7 4.0×10-6 a 

A cyclohexane 313 72.4 -149.0 119.1 8.8×10-8 1.0×10-7 4.5×10-6 b 

A cyclohexane 333 72.6 -148.5 122.1 5.0×10-7 5.7×10-7 2.3×10-5 b 

A cyclohexane 353 72.8 -147.9 125.5 2.3×10-6 2.6×10-6 9.7×10-5 b 

A cyclohexane 373 73.0 -147.4 128.0 9.4×10-6 1.0×10-5 3.5×10-4 b 

A cyclohexane 393 73.2 -146.8 131.0 3.3×10-5 3.6×10-5 1.1×10-3 b 

B Ethanol 298 51.9 -152.5 97.2 5.7×10-5 6.5×10-5 1.2×10-2 c 

B Chloroform 298 49.3 -152.7 94.8 1.5×10-4 17×10-4 1.1×10-2 c 

B benzene 298 50.9 -153.5 96.5 7.6×10-5 8.7×10-5 1.0×10-2 c 

C acetonitrile 300 63.5 -152.3 107.5 1.2×10-6 1.5×10-6 1.8×10-5 d 

a ref 25 b ref 26 c ref 27 d ref 28 

 

 
Figure. Correlations between experimental and computational k values for 12 bimolecular Diels-Alder 

reactions in various solutions and at various temperatures. The predicted k generated by both the 

new model and the IGT (wPV is ignored) have been corrected using Wigner’s tunneling effect. 

 

 


