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Wang et al. (2014) doi:10.1002/jcc.20035

legacy atom typing schemes are labor-intensive and 
poorly extensible

type: ca type: ca

same type! 😱😱😱



optimizing FF parameters alone has been feasible
Φ*𝙼𝙼 = argmin

Φ𝙼𝙼

ℒ(U𝙼𝙼(x; 𝒢, Φ𝙼𝙼), U𝚚𝚖(x))

Wang et al. (2014) doi://10.1021/jz500737m

but not typing? 🤔 

RMSE ≈ 3 kcal/mol 
w.r.t. QM



Wang et al. (2014) doi:10.1002/jcc.20035

legacy atom typing schemes are labor-intensive and 
poorly extensible but has the same signature as gnn

node attribute 
number of neighbors 
neighbor attributes

we need: 
an optimizable function 
from node attribute and neighborhood multiset 
to node representation

hv = f(h(0)
v , ρ(𝒩(v)))

neighborhood multisite 



hypothesis: 
GNNs are at least as expressive as 
legacy atom typing schemes 



stage 1: graph net continuous atom typing replaces 
discrete ones

Wang et. al. (2022)  
doi: 10.1039/D2SC02739A

Overall agreement: 99.07%



extensible surrogate potential optimized by  
message-passing

Wang et. al. (2022)  
doi: 10.1039/D2SC02739A
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extensible surrogate potential optimized by  
message-passing

Wang et. al. (2022)  
doi: 10.1039/D2SC02739A



Murphy et al. (2019) arXiv: 1811.01900
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stage 2 and 3: Janossy pooling assigns embeddings 
and parameters in a symmetry-preserving manner



extensible surrogate potential optimized by  
message-passing

Wang et. al. (2022)  
doi: 10.1039/D2SC02739A



espaloma recovers MM energies and parameters



espaloma outperforms current force fields in QM accuracy 
and can be easily trained for heterogeneous systems

Wang et. al. (2022)  
doi: 10.1039/D2SC02739A



PhAlkEthOh: Phenyls, Alkanes, Ethers, and alcohols (OH) 
(a low-complexity chemical space)

PhAlkEthOH doi: https://dx.doi.org/10.1021/acs.jctc.8b00640

espaloma outperforms current force fields in QM accuracy 
and can be easily trained for heterogeneous systems

Wang et. al. (2022)  
doi: 10.1039/D2SC02739A

https://dx.doi.org/10.1021/acs.jctc.8b00640


how does espaloma compare to discrete chemical 
perception?

OpenFF Gen2 Optimization set: Diverse druglike fragments challenging for force fields 
(a moderate-complexity chemical space)

OpenFF Gen2 QM data doi: https://doi.org/10.1021/acs.jctc.1c00571
Wang et. al. (2022)  

doi: 10.1039/D2SC02739A

https://doi.org/10.1021/acs.jctc.1c00571


VEHICLe: Virtual exploratory heterocyclic drug scaffold library 
(aromatic bicyclic heterocyclic compounds containing C, N, O, S, H)

VEHICLe doi: http://doi.org/10.1021/jm801513z 

how well does espaloma compare to legacy force fields on 
rare chemistries?

Wang et. al. (2022)  
doi: 10.1039/D2SC02739A

http://doi.org/10.1021/jm801513z


Comparison with QCArchive data
initial QM minimized

DFT B3LYP-D3(BJ) / DZVP

Wang et. al. (2022)  
doi: 10.1039/D2SC02739A

how well does espaloma compare to legacy force fields on 
rare chemistries?



PepConf: Short peptides, including disulfides and cyclic peptides 

VEHICLe doi: http://doi.org/10.1021/jm801513z 
Wang et. al. (2022)  

doi: 10.1039/D2SC02739A

how well does espaloma perform on amino acids?

http://doi.org/10.1021/jm801513z


Tyk2 from OpenFF benchmark set 
espaloma joint model 

+ TIP3P waterTyk2 benchmark doi: https://doi.org/10.1021/ja512751q 

espaloma outperforms current force fields in QM accuracy 
and can be easily trained for heterogeneous systems

Wang et. al. (2022)  
doi: 10.1039/D2SC02739A

covalent adduct can be parametrized stably

https://doi.org/10.1021/ja512751q


Espaloma small molecule parameters perform as well or 
better than modern biomolecular force fields

OpenFF 1.2.0 small molecule 
Amber ff14SB protein 

TIP3P water

espaloma “joint” 0.2.2 small molecule 
Amber ff14SB protein 

TIP3P water

Wang et. al. (2022)  
doi: 10.1039/D2SC02739A



EspalomaCharge: Machine learning-enabled ultra-fast 
partial charge assignment



EspalomaCharge introduces minimal discrepancy



EspalomaCharge is very fast, even for large systems



to integrate EspalomaCharge into your pipeline(s) is easy



to integrate EspalomaCharge into your pipeline(s) is easy
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invariant features and equivariant features
invariant features: 
- embedding 
- energy 
- atom properties 
- molecular properties

equivariant features: 
- position 
- velocity 
- acceleration

Sarrotas et. al. (2021) https://arxiv.org/abs/2102.09844



you don’t need spherical harmonics to describe node environments 
spatial attention is universally approximative

e3nn.org

Wang and Chodera (2022)  
arXiv:2301.08893 

http://e3nn.org


invariant task: machine learning potential construction

Wang and Chodera (2022)  
arXiv:2301.08893 



equivariant task: N-body dynamic system forecasting

Wang and Chodera (2022)  
arXiv:2301.08893 
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espaloma 🍹 sake 🍶

hard-coded topology inferred topology

message passing once, 
and then local interaction

message passing 
every step during inference

traditional MM 
simple, elegant, and interpretable blackboxy

only constraining key geometry?  
treat long-range interactions classically?

Huang et al. (2022) 

local NN models? Musaelian et al. (2022) 
arXiv:2204.05249 

class-II force fields or 
other symmetry fn?

Hwang et al. (1994) 
doi:10.1021/ja00085a036 

tooling to makes this a reality: 
 google/jax-md 
 choderalab/espalomax



Hwang et al. (1994) http://doi.org/10.1021/ja00085a036 

Can class ii force fields provide  
NEAR-QM ACCURACY at mm speeds?

http://doi.org/10.1021/ja00085a036


design message-
passing 
backbones of 
graph neural 
networks for first-
principle 
molecular learning



original sins of message-passing graph neural networks

limited expressiveness: no Weisfeiler-Lehman GNN  
can tell these apart!

oversmoothing: nodes became more and more similar Li et. al. (2018)  
arXiv:1801.07606 

graph convolution is iterative averaging  
with neighbors Alon and Yahav(2021) 

arXiv:2006.05205 

Karate Club Social Network

they were built for social networks 
and encodes the assumption of homophily

Zachary (1977) 
Journal of Anthropological Research 

Vol. 33, No. 4 (Winter, 1977), pp. 452-473 (22 pages)

“ birds of the same feature fly together” 
🐦🐦🐦



passing random variables rather than point masses as messages 
alleviate limited expressiveness and oversmoothing 

Wang and Karaletsos (2021) 
arXiv:2102.12648  





many thanks!  谢谢

 choderalab/espaloma 🍹 
 choderalab/malt 🥃 molecular active learning testbed 
 choderalab/gimlet 🍸graph inference on molecular topology 
 choderalab/pinot 🍷probabilistic inference for novel therapeutics 
 yuanqing-wang/sake 🍶 spatial attention kinetic network with equivariance 
 yuanqing-wang/galax 🌃 graph learning with JAX 
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