
REVIEWER COMMENTS 

Reviewer #1 (Remarks to the Author): 

The present manuscript contains a numerical study on the impact of nuclear quantum effects 
(NQE) of covalent and non-covalent interactions. Most importantly they find that NQE tend to 
generally increase the strength of both covalent and non-covalent interactions. All simulations are 
technically throughout conducted at the highest possible level. Particularly noteworthy are the 
usage of force fields trained by symmetric gradient domain machine learning framework based on 
accurate coupled cluster reference data. In the light that the existing previous studies along very 
similar lines have been conducted using empirical force fields of density functional theory only, I 
consider this even the strongest point of the present work. 
As such, all of the present calculations and conclusions drawn are reliable and will stand the test of 
time. 
However, as just indicated, there exists quite some previous papers what is even called 
„competition of NQE“, which renders the degree of novelty of the present work to be average at 
best. Previous works along those lines include the pioneering work of Markland and coworkers [J. 
Chem. Phys. 131, 024501 (2009)], Tim Clark et al. [ChemPhysChem 20, 2461 (2019)], as well as 
Ref. 9 of the present work. If the authors would have not only considered but contrasted the 
former two works, the authors wouldn’t have called their main results „counterintuitive“, but a 
direct consequence of the well-known competition of NQE, which can play out either way. 
To summarize, this is a very fine paper that can be published essentially as is. It is therefore a 
though call, but given the fact that the first paper claiming the existence of the subtle competition 
of NQE is now more than 10 years old, the degree of novelty is simply to low to justify publication 
in Nature Communications. 

Reviewer #2 (Remarks to the Author): 

The authors aim to elucidate phenomena surrounding the quantum nuclear effect (NQE) in small 
molecules using the sGDML machine learning-based force field along with the i-PI package to 
conduct classical molecular dynamics (MD) and path integral molecular dynamics (PIMD). They 
evaluate three phenomena that are found to be strengthened by NQE, and result in the 
stabilization of dynamics: the n->pi* interaction in Aspirin, a methyl rotor, and non-covalent 
interactions. Comparisons between classical molecular dynamics and path integral molecular 
dynamics simulations using the sGDML model provide evidence for the authors conclusions. The 
conclusions result in the new insight that NQE not only cause delocalization but also localization in 
specific cases, which could have relevance in biochemical applications. 

I have no specific complaints or observations. Overall, the conclusions in the present article are 
sound if one trusts the underlying model used to conduction the MD and PIMD simulations. 
Previously published literature show the sGDML model (data set construction and model itself) can 
accurately fit to small data sets of small molecules. They have been shown to produce models with 
energy errors in the range of 0.1-0.3 kcal/mol. Data sets for the specific molecules studied in this 
work were generated for previous work and evaluated extensively for room temperature dynamics. 
Therefore, I believe the conclusions of this article to be scientifically sound. 

The use of machine learning methods to obtain new insights into chemistry and physics 
phenomena is intriguing and of interest to a broad audience. This, in my opinion, makes the article 
a good selection for publication in Nature Communications. 
I recommend the article for publication in Nature Communications. 

Reviewer #3 (Remarks to the Author): 

The manuscript of Sauceda et al. presents a thorough examination of the counter-intuitive 
contribution of nuclear quantum effects (NQE) on non-covalent interactions, both at intra- and 
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intermolecular level. This unusual increase is a result of nuclear delocalization, as it was found 
from ab initio path integral molecular dynamics. I cannot express an opinion on this article since I 
am not convinced if this conclusion is based on computational artifacts or not. 
 
The authors should provide a numerical argument that the counter-intuitive contribution of NQE is 
not an artifact of the force fields (FFs) generated by sGDML. Will classical FFs or FFs generated by 
other ML methods provide the same results? This argument will further enhance their conclusions. 
 
In the Methodology section, the authors mention that the sGDML models were trained on 
CCSD/cc-pVDZ, CCSD(T)/cc-pVDZ and PBE0+MDB/really_tight. I have many questions here. 
1. Which quantum chemical method was used for each molecular system that is discussed on the 
manuscript? 
2. It is well-known that coupled-cluster needs very large basis sets (at least of quadruple-zeta 
quality or extrapolation to the complete basis set limit) in order to provide the expected accuracy. 
How the choice of a basis set will affect the PIMD results and, especially, the counter-intuitive 
phenomena? The cc-pVDZ basis set is an extremely small basis and provides inaccurate results for 
non-covalent interactions. For example, for the benzene dimer (parallel displacement), a test case 
that is used by the authors on this paper, the slightly larger aug-cc-pVDZ basis has an error of -
1.87 and 0.63 kcal/mol for CCSD and CCSD(T) methods, respectively (see 
http://vergil.chemistry.gatech.edu/active_bfdb/bfdb/cgi-
bin/reactionviewer.py?dataset=S22&rxn=S22-11). 
3. What means really_tight for PBE0+MDB. The PBE0+MDB does not require standard basis 
functions? 
 
Similarly, how accurate are the computed polarizabilities at the CCSD/aug-cc-pVDZ level of 
theory? 
 
Caption of Figure 3 (SI), please change “inividual” to “individual”. 



ReVSRQVe WR WKe UeYLeZV: 

ReYLeZeU #1 (RePaUNV WR Whe AXWhRU): 
 
The SUeVeQW PaQXVcULSW cRQWaLQV a QXPeULcaO VWXd\ RQ Whe LPSacW Rf QXcOeaU TXaQWXP effecWV (NQE) Rf 
cRYaOeQW aQd QRQ-cRYaOeQW LQWeUacWLRQV. MRVW LPSRUWaQWO\ Whe\ fLQd WhaW NQE WeQd WR geQeUaOO\ LQcUeaVe 
Whe VWUeQgWh Rf bRWh cRYaOeQW aQd QRQ-cRYaOeQW LQWeUacWLRQV. AOO VLPXOaWLRQV aUe WechQLcaOO\ WhURXghRXW 
cRQdXcWed aW Whe hLgheVW SRVVLbOe OeYeO. PaUWLcXOaUO\ QRWeZRUWh\ aUe Whe XVage Rf fRUce fLeOdV WUaLQed b\ 
V\PPeWULc gUadLeQW dRPaLQ PachLQe OeaUQLQg fUaPeZRUN baVed RQ accXUaWe cRXSOed cOXVWeU UefeUeQce 
daWa. IQ Whe OLghW WhaW Whe e[LVWLQg SUeYLRXV VWXdLeV aORQg YeU\ VLPLOaU OLQeV haYe beeQ cRQdXcWed XVLQg 
ePSLULcaO fRUce fLeOdV Rf deQVLW\ fXQcWLRQaO WheRU\ RQO\, I cRQVLdeU WhLV eYeQ Whe VWURQgeVW SRLQW Rf Whe 
SUeVeQW ZRUN. 
AV VXch, aOO Rf Whe SUeVeQW caOcXOaWLRQV aQd cRQcOXVLRQV dUaZQ aUe UeOLabOe aQd ZLOO VWaQd Whe WeVW Rf WLPe. 
HRZeYeU, aV MXVW LQdLcaWed, WheUe e[LVWV TXLWe VRPe SUeYLRXV SaSeUV ZhaW LV eYeQ caOOed ÄcRPSeWLWLRQ Rf 
NQE³, ZhLch UeQdeUV Whe degUee Rf QRYeOW\ Rf Whe SUeVeQW ZRUN WR be aYeUage aW beVW. PUeYLRXV ZRUNV 
aORQg WhRVe OLQeV LQcOXde Whe SLRQeeULQg ZRUN Rf MaUNOaQd aQd cRZRUNeUV [J. CheP. Ph\V. 131, 024501 
(2009)], TLP COaUN eW aO. [ChePPh\VCheP 20, 2461 (2019)], aV ZeOO aV Ref. 9 Rf Whe SUeVeQW ZRUN. If Whe 
aXWhRUV ZRXOd haYe QRW RQO\ cRQVLdeUed bXW cRQWUaVWed Whe fRUPeU WZR ZRUNV, Whe aXWhRUV ZRXOdQ¶W haYe 
caOOed WheLU PaLQ UeVXOWV ÄcRXQWeULQWXLWLYe³, bXW a dLUecW cRQVeTXeQce Rf Whe ZeOO-NQRZQ cRPSeWLWLRQ Rf 
NQE, ZhLch caQ SOa\ RXW eLWheU Za\. 
TR VXPPaUL]e, WhLV LV a YeU\ fLQe SaSeU WhaW caQ be SXbOLVhed eVVeQWLaOO\ aV LV. IW LV WheUefRUe a WhRXgh caOO, 
bXW gLYeQ Whe facW WhaW Whe fLUVW SaSeU cOaLPLQg Whe e[LVWeQce Rf Whe VXbWOe cRPSeWLWLRQ Rf NQE LV QRZ PRUe 
WhaQ 10 \eaUV ROd, Whe degUee Rf QRYeOW\ LV VLPSO\ WR ORZ WR MXVWLf\ SXbOLcaWLRQ LQ NaWXUe CRPPXQLcaWLRQV. 
 

ReVSRQVe: 
 
We Whank Whe UefeUee foU SUoYiding commenWV on oXU manXVcUiSW and highlighWing Whe UeliabiliW\ 
of oXU conclXVionV and WheiU benchmaUk naWXUe WhaW ³Zill VWand Whe WeVW of Wime´, accoUding Wo Whe 
UefeUee. We alVo Whank Whe UefeUee foU menWioning WZo addiWional landmaUk UefeUenceV, Zhich Ze 
haYe ciWed in Whe UeYiVed manXVcUiSW. 

 
AV menWioned b\ Whe UeYieZeU, SUeYioXV UeVXlWV haYe been UeSoUWed UegaUding Whe Uole of NQE in 
Uigid molecXleV, moVWl\ ZaWeU and a feZ oWheU V\VWemV (DNA baVe SaiUV, SUoWon WUanVSoUW). TheVe 
VWXdieV haYe aVVeVVed Whe Uole of NQE in inWeUacWionV beWZeen neighboUing molecXleV, almoVW 
alZa\V inYolYing h\dUogen aWomV oU SUoWonV. Hence, oXU VWXd\ iV noW Whe fiUVW Wo highlighW Whe 
imSoUWance of NQE, and Ze UeZoUded SaUWV of Whe manXVcUiSW VXch aV Whe inWUodXcWion b\ 
WhoUoXghl\ acknoZledging Whe VWaWe-of-Whe-aUW UefeUence ZoUkV in WhiV field.  
 
NeYeUWheleVV, oXU VWXd\ goeV faU be\ond cXUUenW knoZledge Vince Ze demonVWUaWe Whe imSlicaWionV 
of NQE on a mXch ZideU Uange of inWeUacWionV in fle[ible molecXleV coYeUing inWUa- and 
inWeU-molecXlaU inWeUacWionV and a ZealWh of diffeUenW elecWUonic mechaniVmV, Zhich leadV Wo ke\ 
findingV of gUeaW imSoUWance foU biolog\ and molecXlaU chemiVWU\. FXUWheUmoUe, Ze VhoZ WhaW Whe 
Sh\Vical mechaniVm behind NQE deSendV on Whe W\Se of inWeUacWion iWVelf, Zhich When highlighWV 



Whe inWUicaWe coXSling beWZeen Whe eneUg\ landVcaSe anhaUmoniciWieV and Whe nXcleaU TXanWXm 
flXcWXaWionV, aV Zell aV Whe UichneVV of Whe Sh\Vical Shenomena XndeUl\ing Whe Uole of NQE. 
AddiWionall\, giYen Whe facW WhaW Ze caUefXll\ deVcUibe Whe XndeUl\ing naWXUe of Whe mechaniVm aV 
Zell aV Whe Sh\VicV behind Whe inWeUacWionV, WhiV ZoUk can VeUYe aV a Volid gUoXnd and VWaUWing 
SoinW Wo anal\]e NQE Shenomena Zhen diffeUenW inWeUacWionV aUe SUeVenW. To Whe beVW of oXU 
knoZledge WhiV iV Whe fiUVW Wime WhaW VXch comSUehenViYe and Sh\Vicall\ inVighWfXl UeVXlWV haYe 
been UeSoUWed.  
 
AV highlighWed b\ Whe UeYieZeU one of Whe cUXcial SoinWV of oXU ZoUk iV WhaW Whe UeSoUWed UeVXlWV 
ZeUe caUUied oXW XVing a high leYel of accXUac\. The UeaVon Zh\ onl\ noZ Ze ZeUe able Wo caUU\ 
oXW VXch e[WenViYe VWXd\ iV becaXVe of Whe SUedicWiYe SoZeU and WUaining-daWa efficienc\ of Whe 
VGDML fUameZoUk, aV Zell aV iWV UobXVW and efficienW imSlemenWaWion, Zhich alloZed XV Wo 
SeUfoUm e[WenViYe PIMD VimXlaWionV ZiWh coXSled clXVWeU accXUac\. PUeYioXV VWXdieV ZeUe 
SeUfoUmed ZiWh claVVical foUce fieldV oU VomeWimeV ZiWh DFT, and Ze VhoZ WhaW WheVe leYelV of 
WheoU\ aUe ofWen inVXfficienW Wo fXll\ caSWXUe Whe inWUicaWe naWXUe of NQE effecWV in fle[ible 
molecXleV [ Chmiela eW al. NaW. CommXn. 9, 3887 (2018); SaXceda eW al. JCP 153, 124109 
(2020)]. 

 
ReYLeZeU #2 (RePaUNV WR Whe AXWhRU): 
 
The aXWhRUV aLP WR eOXcLdaWe SheQRPeQa VXUURXQdLQg Whe TXaQWXP QXcOeaU effecW (NQE) LQ VPaOO 
PROecXOeV XVLQg Whe VGDML PachLQe OeaUQLQg-baVed fRUce fLeOd aORQg ZLWh Whe L-PI SacNage WR cRQdXcW 
cOaVVLcaO PROecXOaU d\QaPLcV (MD) aQd SaWh LQWegUaO PROecXOaU d\QaPLcV (PIMD). The\ eYaOXaWe WhUee 
SheQRPeQa WhaW aUe fRXQd WR be VWUeQgWheQed b\ NQE, aQd UeVXOW LQ Whe VWabLOL]aWLRQ Rf d\QaPLcV: Whe 
Q->SL* LQWeUacWLRQ LQ AVSLULQ, a PeWh\O URWRU, aQd QRQ-cRYaOeQW LQWeUacWLRQV. CRPSaULVRQV beWZeeQ 
cOaVVLcaO PROecXOaU d\QaPLcV aQd SaWh LQWegUaO PROecXOaU d\QaPLcV VLPXOaWLRQV XVLQg Whe VGDML PRdeO 
SURYLde eYLdeQce fRU Whe aXWhRU'V cRQcOXVLRQV. The cRQcOXVLRQV UeVXOW LQ Whe QeZ LQVLghW WhaW NQE QRW 
RQO\ caXVe deORcaOL]aWLRQ bXW aOVR ORcaOL]aWLRQ LQ VSecLfLc caVeV, ZhLch cRXOd haYe UeOeYaQce LQ 
bLRchePLcaO aSSOLcaWLRQV. 
 
I haYe QR VSecLfLc cRPSOaLQWV RU RbVeUYaWLRQV. OYeUaOO, Whe cRQcOXVLRQV LQ Whe SUeVeQW aUWLcOe aUe VRXQd Lf 
RQe WUXVWV Whe XQdeUO\LQg PRdeO XVed WR cRQdXcWLRQ Whe MD aQd PIMD VLPXOaWLRQV. PUeYLRXVO\ SXbOLVhed 
OLWeUaWXUe VhRZ Whe VGDML PRdeO (daWa VeW cRQVWUXcWLRQ aQd PRdeO LWVeOf) caQ accXUaWeO\ fLW WR VPaOO daWa 
VeWV Rf VPaOO PROecXOeV. The\ haYe beeQ VhRZQ WR SURdXce PRdeOV ZLWh eQeUg\ eUURUV LQ Whe UaQge Rf 
0.1-0.3 NcaO/PRO. DaWa VeWV fRU Whe VSecLfLc PROecXOeV VWXdLed LQ WhLV ZRUN ZeUe geQeUaWed fRU SUeYLRXV 
ZRUN aQd eYaOXaWed e[WeQVLYeO\ fRU URRP WePSeUaWXUe d\QaPLcV. TheUefRUe, I beOLeYe Whe cRQcOXVLRQV Rf 
WhLV aUWLcOe WR be VcLeQWLfLcaOO\ VRXQd. 
 
The XVe Rf PachLQe OeaUQLQg PeWhRdV WR RbWaLQ QeZ LQVLghWV LQWR chePLVWU\ aQd Sh\VLcV SheQRPeQa LV 
LQWULgXLQg aQd Rf LQWeUeVW WR a bURad aXdLeQce. ThLV, LQ P\ RSLQLRQ, PaNeV Whe aUWLcOe a gRRd VeOecWLRQ fRU 
SXbOLcaWLRQ LQ NaWXUe CRPPXQLcaWLRQV. 
I UecRPPeQd Whe aUWLcOe fRU SXbOLcaWLRQ LQ NaWXUe CRPPXQLcaWLRQV. 
 



 
ReVSRQVe:  
We Whank Whe UefeUee foU a caUefXl Ueading of oXU manXVcUiSW and hiV/heU SoViWiYe commenWV. 
 

ReYLeZeU #3 (RePaUNV WR Whe AXWhRU): 
 
The PaQXVcULSW Rf SaXceda eW aO. SUeVeQWV a WhRURXgh e[aPLQaWLRQ Rf Whe cRXQWeU-LQWXLWLYe cRQWULbXWLRQ Rf 
QXcOeaU TXaQWXP effecWV (NQE) RQ QRQ-cRYaOeQW LQWeUacWLRQV, bRWh aW LQWUa- aQd LQWeUPROecXOaU OeYeO. ThLV 
XQXVXaO LQcUeaVe LV a UeVXOW Rf QXcOeaU deORcaOL]aWLRQ, aV LW ZaV fRXQd fURP ab LQLWLR SaWh LQWegUaO 
PROecXOaU d\QaPLcV. I caQQRW e[SUeVV aQ RSLQLRQ RQ WhLV aUWLcOe VLQce I aP QRW cRQYLQced Lf WhLV 
cRQcOXVLRQ LV baVed RQ cRPSXWaWLRQaO aUWLfacWV RU QRW. The aXWhRUV VhRXOd SURYLde a QXPeULcaO aUgXPeQW 
WhaW Whe cRXQWeU-LQWXLWLYe cRQWULbXWLRQ Rf NQE LV QRW aQ aUWLfacW Rf Whe fRUce fLeOdV (FFV) geQeUaWed b\ 
VGDML.  
 

ReVSRQVe (1): 
We Whank Whe UefeUee foU highlighWing oXU WhoUoXgh e[aminaWion of Whe coXnWeU-inWXiWiYe 
conWUibXWion of nXcleaU TXanWXm effecWV Wo boWh coYalenW and noncoYalenW inWeUacWionV in 
molecXlaU V\VWemV . 
 
We agUee ZiWh Whe UefeUee WhaW Whe UeVXlWV of an\ comSXWaWional VWXd\ mXVW be UobXVW and fUee 
fUom aUWifacWV. In Whe SaUWicXlaU conWe[W of oXU VWXd\, WheUe aUe WZo aVSecWV Wo aVVeVV Whe 
UobXVWneVV of oXU conclXVionV: 1) The accXUac\ of Whe VGDML modelV foU Whe UeleYanW Sh\Vical 
condiWionV of aSSlicaWion, and 2) Whe accXUac\ of Whe UefeUence daWa (leYel of elecWUonic-VWUXcWXUe 
WheoU\ and one-elecWUon baViV VeW foU e[Sanding Whe ZaYe fXncWion) XVed Wo conVWUXcW Whe VGDML 
modelV. BoWh aVSecWV haYe been V\VWemaWicall\ aVVeVVed in oXU ZoUk and oXU conclXVionV haYe 
been fXll\ confiUmed b\ diffeUenW leYelV of elecWUonic-VWUXcWXUe WheoU\ and baViV VeWV e[SanVionV.  
 
RegaUding Whe accXUac\ of VGDML modelV, Whe UeliabiliW\ of Whe WUained VGDML foUce fieldV foU 
all Whe molecXleV VWXdied in WhiV ZoUk haV been aVVeVVed in SUeYioXV SXblicaWionV WhaW did noW 
focXV on NQE [ Chmiela eW al. NaW. CommXn.9, 3887 (2018); Chmiela eW al. Sci. AdY. 3, e1603015 
(2017); SaXceda eW al. JCP 150 (11), 114102 (2019), SaXceda eW al. ³ConVWUXcWion  of  machine 
leaUned foUce  fieldV  ZiWh  TXanWXm  chemical  accXUac\:  ASSlicaWionV and chemical inVighWV,´ in 
Machine LeaUning MeeWV QXanWXm Ph\VicV (SSUingeU InWeUnaWional PXbliVhing, 2020)]. 

 
VGDML iV a VWaWe-of-Whe-aUW machine leaUning fUameZoUk foU Whe conVWUXcWion of accXUaWe and 
efficienW molecXlaU foUce fieldV. The UeliabiliW\ and aSSlicabiliW\ of VGDML foUce fieldV haYe been 
eVWabliVhed baVed on UigoUoXV VWaWiVWical leaUning WheoU\ and b\ diUecW comSaUiVon beWZeen 
UeVXlWV obWained fUom Whe VGDML foUce field and elecWUonic-VWUXcWXUe VimXlaWionV. Each one of 
Whe VGDML-molecXlaU foUce fieldV iV conVWUXcWed b\ WUaining iWV adjXVWable SaUameWeUV on a 
WUaining VeW and WeVWed on a VeSaUaWe XnVeen daWaVeW of molecXlaU confoUmaWionV. ThiV enVXUeV 
WhaW Whe model iV able Wo geneUali]e Wo Whe bUoad VeW of molecXlaU configXUaWionV e[SloUed b\ 
molecXlaU d\namicV VimXlaWionV aW finiWe WemSeUaWXUeV.  



 
Fig. R1. EneUg\ and foUce SUedicWion accXUac\ (in WeUmV of Whe mean abVolXWe eUUoU (MAE)) aV a fXncWion 
of WUaining VeW Vi]e of boWh modelV WUained on DFT foUceV: Whe gain in efficienc\ and accXUac\ iV diUecWl\ 
linked Wo Whe nXmbeU of V\mmeWUieV in Whe V\VWem. Taken fUom Ref. Chmiela eW al. NaW. CommXn.9, 3887 
(2018). 
 
Fig. R1 demonVWUaWeV Whe UeliabiliW\ of VGDML foUce field modelV in WeUmV of geneUali]aWion eUUoU 
(eUUoU on XnVeen daWa, i.e. on daWa noW XVed foU WUaining) aV a fXncWion of Whe WUaining VeW Vi]e foU 
Wen molecXleV, Zhich inclXdeV all Whe molecXleV VWXdied in WhiV ZoUk. The VGDML modelV diVSla\ 
a faVW VaWXUaWion of Whe geneUali]aWion accXUac\ ZiWh Whe Vi]e of Whe WUaining VeW. In oXU ZoUk, Ze 
haYe XVed modelV WUained on 1000 WUaining molecXlaU configXUaWionV, cleaUl\ Ueaching Whe 
VaWXUaWion limiW. The geneUali]aWion eUUoU acUoVV Whe SoWenWial eneUg\ VXUface foU all Whe 
molecXleV inclXded in WhiV VWXd\ iV beloZ 0.2 kcal/mol foU eneUgieV and beloZ 0.7 
kcal/mol/AngVWUom foU foUceV.  
 
The aSSlicabiliW\ of Whe VGDML modelV can be demonVWUaWed b\ calcXlaWing WheUmod\namic 
obVeUYableV b\ SeUfoUming claVVical oU SaWh inWegUal molecXlaU d\namicV VimXlaWionV. Fig. R2 
demonVWUaWeV Whe SUedicWiYe SoZeU of Whe VGDML modelV b\ UeSlicaWing Whe WUajecWoU\ geneUaWed 



WhUoXgh DFT VimXlaWionV (foU XS Wo 25 SicoVecondV) aV Zell aV iWV eneUg\ diVWUibXWion. SXch 
SUedicWiYe accXUac\ in Whe WUajecWoUieV iV coUUoboUaWed b\ UeSlicaWing Whe inWeUaWomic diVWance 
diVWUibXWion VhoZn in Fig. R2-UighW and Fig. R3.  

Taken fUom SaXceda eW al. ³ConVWUXcWion  of  machine  leaUned foUce  fieldV  ZiWh  TXanWXm  chemical 
accXUac\:  ASSlicaWionV and chemical inVighWV,´ in Machine LeaUning MeeWV QXanWXm Ph\VicV (SSUingeU 
InWeUnaWional PXbliVhing, 2020). 

     FoU moUe deWailV UefeU Wo Whe oUiginal aUWicle Chmiela eW al. 
Sci. AdY. 3, e1603015 (2017). 

[REDACTED]

[REDACTED]



Fig. R4. JoinW SUobabiliW\ diVWUibXWion fXncWion foU Whe WZo dihedUal angleV of Whe meWh\l and h\dUo[\l 
fXncWional gUoXSV in eWhanol molecXle. Each minimXm iV annoWaWed ZiWh Whe occXSaWion SUobabiliW\ 
obWained fUom claVVical and SaWh-inWegUal MD in comSaUiVon ZiWh e[SeUimenWal YalXeV. Taken fUom 
Chmiela eW al. NaW. CommXn. 9, 3887 (2018). 

FXUWheUmoUe, in Fig. R4 VGDML SaWh inWegUal VimXlaWionV haYe diVSla\ed a UemaUkable accXUac\ 
on UeSlicaWing Whe e[SeUimenWal VWaWiVWical occXSaWionV of Whe eWhanol minima and YibUaWional 
VSecWUXm aV UeSoUWed in Chmiela eW al. NaW. CommXn. 9, 3887 (2018). 

To VXmmaUi]e, b\ UXnning molecXlaU d\namicV XVing Whe VGDML foUce fieldV Ze ZeUe able Wo 1) 
UeSUodXce Whe e[acW elecWUonic VWUXcWXUe WUajecWoU\ VWaUWing fUom Whe Vame iniWial condiWionV (Fig. 
R2-lefW, cenWeU), 2) UecoYeU Whe inWeUaWomic diVWance diVWUibXWion foU VeYeUal molecXleV UelaWiYe Wo 
ab iniWio VimXlaWionV (Fig. R2-UighW, Fig. R3), and 3) Wo coUUoboUaWe VWaWiVWical occXSaWion of 
molecXlaU confoUmeUV UelaWiYe Wo e[SeUimenWal UeVXlWV (Fig. R4). 

The diffeUenW leYelV of geneUali]aWion accXUacieV and aSSlicabiliW\ of Whe VGDML modelV jXVW 
VXmmaUi]ed aboYe demonVWUaWe Whe UobXVWneVV and UeliabiliW\ of Whe meWhod, diVcaUding an\ 
SoWenWial aUWifacWV in Whe VimXlaWionV ZiWhin Whe UegimeV of aSSlicaWion. A comSacW YeUVion of WhiV 
diVcXVVion UefeUencing Whe aSSUoSUiaWe ZoUk haV been inclXded in VXbVecWion A (³Machine 
leaUned foUce fieldV:  VGDML´) of Whe MeWhodolog\ VecWion. 

WLOO cOaVVLcaO FFV RU FFV geQeUaWed b\ RWheU ML PeWhRdV SURYLde Whe VaPe UeVXOWV? ThLV aUgXPeQW ZLOO 
fXUWheU eQhaQce WheLU cRQcOXVLRQV. 

ReVSRQVe (2): 



Regarding classical force fields (FF): ClaVVical FF and ML baVed FFV aUe fXndamenWall\ 
diffeUenW. ClaVVical FF aUe baVed on hand-cUafWed (moVWl\ haUmonic) anal\Wical foUmXlaV ZiWh 
SaUameWeUV fiWWed Wo e[SeUimenWal UeVXlWV oU WheoUeWical calcXlaWionV. ConWUaVWing WhiV aSSUoach, 
ML baVed FFV aUe geneUal meWhodologieV ZiWh Volid foXndaWionV in VWaWiVWical leaUning WheoU\ 
and no e[SliciW anal\Wic biaV in Whe inWeUaWomic SoWenWial foUmXlaWion. ClaVVical foUce fieldV in 
geneUal \ield ZUong UeVXlWV foU NQE (Vee diVcXVVion beloZ) becaXVe Whe\ aUe Xnable Wo model an\ 
of Whe elecWUonic effecWV conVideUed in oXU VWXd\. ThiV can be Veen in Fig. R5, ZheUe Whe fUee 
eneUgieV geneUaWed b\ claVVical MD VimXlaWionV aW 300K XVing VGDML@CC and claVVical FF 
(AMBER) aUe comSaUed foU WhUee diffeUenW molecXleV. The UeVXlWV in WhiV figXUe diVSla\ a cleaU 
diffeUence beWZeen Whe WZo meWhodologieV, aV a conVeTXence of Whe diffeUenW XndeUl\ing SoWenWial 
eneUg\ VXUface. ThiV comSaUiVon iV anal\]ed in deWail in Chmiela eW al. NaW. CommXn. 9, 3887 
(2018) and moUe UecenWl\ in SaXceda eW al. JCP 153, 124109 (2020). ThiV laVW ciWaWion haV been 
added Wo Whe manXVcUiSW.  

Regarding alternatiYe ML FFs: While a nXmbeU of comSeWing ML FF meWhodologieV haYe been 
SUoSoVed in Whe liWeUaWXUe, neiWheU of Whem combineV Whe leaUning efficienc\ and comSXWaWional 
efficienc\ of VGDML. The geneUali]aWion accXUac\ and aSSlicabiliW\ of VGDML SUeVenWed aboYe 
SUoYeV be\ond an\ doXbW WhaW oXU conclXVionV aUe UobXVW and Zill ³VWand Whe WeVW of Wime´, aV 
nicel\ UemaUked b\ ReYieZeU #1.  



Fig. R5. AccXUac\ of Whe VGDML model in comSaUiVon Wo a WUadiWional foUce field. We conWUaVW Whe dihedUal 
angle SUobabiliW\ diVWUibXWionV of eWhanol, malonaldeh\de, and aVSiUin obWained fUom claVVical MD 
VimXlaWionV aW 300 K ZiWh VGDML (lefW colXmn) YV. Whe AMBER (UighW colXmn) foUce field. The eWhanol 
VimXlaWionV ZeUe caUUied oXW aW conVWanW eneUg\ (NVE), ZheUeaV a conVWanW WemSeUaWXUe (NVT) ZaV XVed 
foU malonaldeh\de and aVSiUin. a) EWhanol: Whe coXSling beWZeen Whe h\dUo[\l and meWh\l UoWoU iV abVenW in 
AMBER. MoUeoYeU, Whe SUobabiliW\ diVWUibXWion VhoZV an XnSh\Vical haUmonic VamSling aW Uoom 
WemSeUaWXUe, UeYealing Whe oYeUVimSlified haUmonic deVcUiSWion of bonded inWeUacWionV in WhaW foUce field. b) 
Malonaldeh\de and c) aVSiUin: Whe foUmXlaWion of Whe AMBER foUce field iV dominaWed b\ CoXlomb 
inWeUacWionV, Zhich can lead an incomSleWe deVcUiSWion of Whe PES and eYen VSXUioXV global minima in Whe 
caVe of aVSiUin. The lengWh of Whe VimXlaWionV ZaV 0.5 nV. FigXUe Waken fUom Chmiela eW al. NaW. CommXn. 
9, 3887 (2018). 

IQ Whe MeWhRdRORg\ VecWLRQ, Whe aXWhRUV PeQWLRQ WhaW Whe VGDML PRdeOV ZeUe WUaLQed RQ 
CCSD/cc-SVDZ, CCSD(T)/cc-SVDZ aQd PBE0+MDB/UeaOO\_WLghW. I haYe PaQ\ TXeVWLRQV heUe. 
1. WhLch TXaQWXP chePLcaO PeWhRd ZaV XVed fRU each PROecXOaU V\VWeP WhaW LV dLVcXVVed RQ Whe
PaQXVcULSW?

ReVSRQVe (3):  
BaVed on Whe aVVeVVed accXUac\ and aSSlicabiliW\ of Whe WUained VGDML modelV in oXU SUeYioXV 
SXblicaWionV (Chmiela eW al. NaW. CommXn.9, 3887 (2018) and SaXceda eW al. JCP 150 (11), 
114102 (2019)), in Whe oUiginal manXVcUiSW Ze did noW conVideU neceVVaU\ Wo be moUe VSecific. 
NeYeUWheleVV, baVed on Whe commenW of Whe UefeUee, Ze haYe added a VXbVecWion (³RefeUence 



molecXlaU daWabaVeV´) in Whe MeWhodolog\ VecWion (Sage 8) ZheUe Ze deVcUibe Whe meWhodologieV 
XVed foU each of Whe molecXleV in deWail. 

FoU Whe main UeVXlWV in oXU manXVcUiSW, aVSiUin ZaV WUained on CCSD calcXlaWionV XVing Whe 
cc-SVDZ baViV, and WolXene and ben]ene ZeUe WUained on CCSD(T)/cc-SVDZ daWa. In Whe caVe of
SaUaceWamol Ze XVed PBE0+MBD ZiWh Whe baViV VeWWingV Ueall\_WighW aV imSlemenWed in Whe
FHI-aimV code (See ReVSonVe (6) foU moUe deWailV on Whe DFT calcXlaWionV and Whe baViV VeW
W\Se).

IW iV imSoUWanW Wo highlighW WhaW Whe UefeUence leYel of WheoU\ foU each molecXle ZaV VelecWed baVed 
on iWV accXUac\ UelaWiYe Wo CCSD(T)/cc-SVDZ. In Whe caVe of aVSiUin, CCSD/cc-SVDZ alUead\ 
giYeV good UeVXlWV comSaUed Wo CCSD(T)/cc-SVDZ, hence Ze XVe VXch aSSUo[imaWion. FoU 
SaUaceWamol, Ze haYe XVed PBE0+MBD/Ueall\_WighW giYen WhaW iW SUoYideV beWWeU eneUgeWic 
YalXeV UelaWiYe Wo CCSD(T)/cc-SVDZ Whan CCSD/cc-SVDZ. See Whe folloZing Wable (Zhich haV 
been added Wo Whe SI). 

Table 1. EneUgieV UelaWiYe Wo Whe global minimXm in kcal/mol comSXWed ZiWh diffeUenW 
leYelV of WheoU\. 

Paracetamol mol. CCSD/cc-SVDZ CCSD(T)/cc-SVDZ PBE0+MBD/U_W 

Local minimXm 0.38 0.38 0.37 

TUanViWion VWaWe (TS) 3.06 3.44 3.45 

TS - Local 2.68 3.07 3.08 

2. IW LV ZeOO-NQRZQ WhaW cRXSOed-cOXVWeU QeedV YeU\ OaUge baVLV VeWV (aW OeaVW Rf TXadUXSOe-]eWa TXaOLW\
RU e[WUaSROaWLRQ WR Whe cRPSOeWe baVLV VeW OLPLW) LQ RUdeU WR SURYLde Whe e[SecWed accXUac\. HRZ Whe chRLce
Rf a baVLV VeW ZLOO affecW Whe PIMD UeVXOWV aQd, eVSecLaOO\, Whe cRXQWeU-LQWXLWLYe SheQRPeQa? The cc-SVDZ
baVLV VeW LV aQ e[WUePeO\ VPaOO baVLV aQd SURYLdeV LQaccXUaWe UeVXOWV fRU QRQ-cRYaOeQW LQWeUacWLRQV.

ReVSRQVe (4): 
The UefeUee iV UighW onl\ Zhen UefeUUing Wo coXSled clXVWeU calcXlaWionV of inWeUmolecXlaU 
inWeUacWionV oU laUge molecXleV. FoU Vmall molecXleV conVideUed in oXU ZoUk, Whe conYeUgence of 
WheiU WheUmod\namical and VWaWiVWical SUoSeUWieV do noW UeTXiUe laUge baViV VeWV. 

To VhoZ WhiV, Fig. R6 SUeVenWV Whe UeVXlWV of claVVical MD and PIMD VimXlaWionV XVing a VGDML 
model foU aVSiUin WUained on CCSD/cc-SVTZ UefeUence calcXlaWionV, Zhich diVSla\ Whe Vame 
UeVXlWV aV Whe oneV in Fig. 2 in Whe main We[W conVWUXcWed XVing Whe cc-SVDZ baViV VeW foU 
comSXWing aWomic foUceV. ThiV meanV WhaW inWUamolecXlaU inWeUacWionV in Vmall molecXleV aUe 
alUead\ VWaWiVWicall\ Zell caSWXUed ZiWh cc-SVDZ baViV VeW. 



Fig. R6. ClaVVical (MD) and SaWh inWegUal molecXlaU d\namicV (PIMD) VimXlaWionV aW Uoom WemSeUaWXUe of 
aVSiUin deVcUibed b\ Whe VGDML@CCSD/cc-SVTZ molecXlaU foUce field. The SloWV aUe SUojecWionV of Whe 
d\namicV Wo Whe WZo main degUeeV of fUeedom of aVSiUin: caUbo[\l and eVWeU dihedUal angleV. The UeVXlWV in 
WhiV SloW aUe XnSXbliVhed. 

In Whe caVe of WolXene, Ze haYe alUead\ VhoZn eYidence in Whe main We[W and in Whe SI WhaW Whe 
locali]aWion of Whe meWh\l UoWoUV iV agnoVWic Wo Whe emSlo\ed leYel of elecWUonic-VWUXcWXUe WheoU\ 
(Vee Sage 4 main We[W and Fig-SI 1 in Whe SI). BaVed on all WhiV eYidence, Ze conclXde WhaW oXU 
UeVXlWV aUe VXfficienWl\ conYeUged in WeUmV of Whe baViV VeW and oXU conclXVionV UegaUding Whe Uole 
of NQE aUe UobXVW. 

In addiWion, foU all molecXleV in oXU VWXd\ Ze alVo conVWUXcWed VGDML modelV ZiWh 
PBE0+MBD/Ueall\_WighW UefeUence daWa. The eneUgieV and foUceV of WheVe calcXlaWionV aUe fUee 
fUom an\ baViV VeW aUWifacWV and aUe conYeUged Wo meV-leYel accXUac\. PIMD VimXlaWionV XVing 
VGDML@PBE0+MBD modelV \ield Whe Vame conclXVionV aV Whe PIMD VimXlaWionV SUeVenWed in 
Whe manXVcUiSW.  

ThiV diVcXVVion haV been added Wo Whe VXbVecWion ³RefeUence molecXlaU daWaVeWV´ in 
MeWhodolog\ and Wo Whe SI.  

FRU e[aPSOe, fRU Whe beQ]eQe dLPeU (SaUaOOeO dLVSOacePeQW), a WeVW caVe WhaW LV XVed b\ Whe aXWhRUV RQ WhLV 
SaSeU, Whe VOLghWO\ OaUgeU aXg-cc-SVDZ baVLV haV aQ eUURU Rf -1.87 aQd 0.63 NcaO/PRO fRU CCSD aQd 
CCSD(T) PeWhRdV, UeVSecWLYeO\ (Vee 
hWWS://YeUgLO.chePLVWU\.gaWech.edX/acWLYe_bfdb/bfdb/cgL-bLQ/UeacWLRQYLeZeU.S\?daWaVeW=S22&U[Q=S22-11)
.  

ReVSRQVe (5): 

http://vergil.chemistry.gatech.edu/active_bfdb/bfdb/cgi-bin/reactionviewer.py?dataset=S22&rxn=S22-11
http://vergil.chemistry.gatech.edu/active_bfdb/bfdb/cgi-bin/reactionviewer.py?dataset=S22&rxn=S22-11


We do noW XVe CCSD oU CCSD(T) meWhodV Wo comSXWe non-bonded inWeUacWionV. InVWead, Wo 
geneUaWe Whe daWa in Fig. 5 of Whe manXVcUiSW Ze haYe XVed SAPT (VSecificall\ 
SAPT0/jXl-cc-SVDZ aV menWioned in caSWion Fig. 5) Zhich haV been UeSeaWedl\ SUoYen Wo giYe 
good UeVXlWV in SaUWicXlaU in Whe W\Se of V\VWem VWXdied heUe [PaUkeU eW al. J. Ph\V. Chem. 140, 
094106 (2014)], aV VhoZn in Whe caVe of Whe Uela[ed eneUg\ cXUYeV in Fig. 5. FXUWheUmoUe, in WhiV 
ZoUk, Ze aUe inWeUeVWed in Whe UelaWiYe enhancemenW of Whe inWeUacWion eneUg\ beWZeen fUagmenWV 
indXced b\ Whe nXcleaU TXanWXm effecWV and noW onl\ on SXUe binding eneUg\ YalXeV. TheUeb\, WhiV 
leYel of WheoU\ iV a UobXVW aSSUo[imaWion Wo demonVWUaWe Whe enhancemenW of Whe inWeUacWion. 
 

 
3. WhaW PeaQV UeaOO\_WLghW fRU PBE0+MDB. The PBE0+MDB dReV QRW UeTXLUe VWaQdaUd baVLV 
fXQcWLRQV? 
 

ReVSRQVe (6):  
The FHI-aimV Sackage WhaW Ze XVed foU DFT calcXlaWionV XVeV nXmeUicall\ WabXlaWed 
aWom-cenWeUed oUbiWalV (NAOV), Zhich aUe conVWUXcWed Wo be WUanVfeUable and hieUaUchical baViV 
VeWV Wo V\VWemaWicall\ Ueach baViV VeW conYeUgence (VXb-meV-leYel accXUac\ on Whe WoWal eneUg\) in 
DFT calcXlaWionV. On Whe oWheU hand, MBD eneUg\ coUUeVSondV Wo Whe e[acW diagonali]aWion of 
Whe coXSled TXanWXm haUmonic oVcillaWoU HamilWonian in Whe baViV VeW of aWomic SoViWionV (hence, 
WheUe iV no one-SaUWicle baViV VeW deSendence in MBD). The DFT baViV VeWV aUe conVWUXcWed 
VWaUWing fUom a minimal baViV VeW (minimal fUee-aWom baViV) and When V\VWemaWicall\ adding neZ 
eneUgeWicall\-faYoUable fXncWionV fUom a Sool of baViV fXncWionV (h\dUogen-like, ion-like, oU 
gaXVVian fXncWionV ZiWh a YaUiable confinemenW SoWenWial). The baViV XVed in WhiV ZoUk, named 
³Ueall\_WighW´ in Whe code (WieU 2), conViVWV of h\dUogen-like fXncWionV foU C[^minimal`+H(nl,])]: 
^[He]+2V 2S`+H(4f,9.8).  A moUe deWailed deVcUiSWion can be foXnd in Whe oUiginal aUWicle b\ 
BlXm eW al. ComSXW. Ph\V. CommXn. 180, 2175 (2009). The binding eneUgieV beWZeen Vmall 
molecXleV ZiWh³Ueall\_WighW´ baViV VeWV aUe conYeUged Wo 1 meV-leYel accXUac\.  
 
A YeUVion of WhiV deVcUiSWion haV been added Wo Whe SXSSoUWing InfoUmaWion. 

 
SLPLOaUO\, hRZ accXUaWe aUe Whe cRPSXWed SROaUL]abLOLWLeV aW Whe CCSD/aXg-cc-SVDZ OeYeO Rf WheRU\? 
 

ReVSRQVe (7):  
The CCSD/aXg-cc-SVDZ leYel of WheoU\ alUead\ UecoYeUV 87% of Whe e[SeUimenWal molecXlaU 
SolaUi]abiliW\, neYeUWheleVV, heUe Ze aUe inWeUeVWed in anal\]ing Whe UelaWiYe gain in Whe 
SolaUi]abiliW\ b\ Whe WheUmal flXcWXaWionV and NQE UelaWiYe Wo Whe eTXilibUiXm molecXlaU 
configXUaWion aV deVcUibed in Whe main We[W. Hence, Whe WheoUeWical anal\ViV SUeVenWed in VecWion 
ReVXlWV: ³ImSacW of NQE on Yan deU WaalV inWeUacWionV´  along ZiWh WhiV leYel of WheoU\ SUoYide 
a UobXVW aSSUo[imaWion foU WhiV SXUSoVe. 
ThiV diVcXVVion haV been added Wo Whe main We[W in VecWion ReVXlWV / ImSacW of NQE on Yan deU 
WaalV inWeUacWionV. 

 
 



CaSWLRQ Rf FLgXUe 3 (SI), SOeaVe chaQge ³LQLYLdXaO´ WR ³LQdLYLdXaO´. 

ReVSRQVe (8): 
We Whank Whe UeYieZeU foU SoinWing oXW WhiV oYeUVighW. ThiV haV been coUUecWed. 



REVIEWERS' COMMENTS 
 
Reviewer #3 (Remarks to the Author): 
 
The authors have provided adequate information (previous literature, numerical data) to justify 
that their conclusions for NQEs are not artifacts. Both manuscript and SI have been updated. I am 
still though not fully convinced about the accuracy of CCSD/CCSD(T) data computed with a 
double-zeta basis, but probably the expected agreement is due to cancelation of errors. I do not 
have any further comments. 
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