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Scientific achievement 
We	developed	a	3x3	coupled	diaba0c	poten0al	
energy	surface	matrix	in	42	dimensions	for	the	
C6H5SCH3	→ C6H5S·	+	·CH3	photodissocia0on	
reac0on.	 
 

Significance and Impact 
Non-adiaba0c	molecular	dynamics	
simula0ons	are	now	feasible	for	studying	the	
detailed	mechanism	of	the	photoreac0on.		

 

Research Details 
–  Analy6c	diaba6c	poten6al	and	coupling	func6ons	
were	fiPed	to	ab	ini6o	data	with	dynamic	
electron	correla6on.	(XMC-QDPT)	

–  A	mul6-level	scheme,	called	Anchor	Points	
Reac6ve	Poten6al,	enabled	the	construc6on	of	
poten6al	func6ons		and	couplings	for	high-
dimensional	systems	by	trea6ng	reac6ve	
coordinates	globally	and	other	coordinates		by	
system-specific,	reac6on-coordinate-specific	MM.	

Potential Energy Surfaces for Photodissociation of Thioanisole 

Diaba6c	poten6al	energy	surfaces	along	the	two	reac6ve	
coordinates,	R	(S-CH3	bond	stretch)	and	ϕ	(C-C-S-C	torsion)	
with	other	coordinates	fixed	at	their	values	for	the	ground-
state	equilibrium	geometry.		

Work	was	performed	at	University	of	Minnesota.	

S.	L.	Li,	X.	Xu,	C.	E.	Hoyer,		D.	G.	Truhlar,	
								J.	Phys.	Chem.	LeP.	6,	3352	(2015).	
S.	Li,	D.	G.	Truhlar,	to	be	published.	
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Major Capabilities include: 
Treatment of electronically nonadiabatic processes 
•  Coherent switches with decay of mixing (CSDM) 
•  Improved surface hopping methods  
•  Semiclassical Ehrenfest method 
Army Ants Tunneling methods 
•  Treats unimolecular tunneling –  

electronically adiabatic or nonadiabatic 
•  Tunneling paths defined by a valence  

internal coordinate or a combination of  
two stretch coordinates 

Direct dynamics 
•  Interfaces to Gaussian09, Molpro, MOPAC-mn 

ANT (Adiabatic and Nonadiabatic Trajectories) Program 

Work	was	performed	at	University	of	Minnesota.	

ANT	2016,	J.	Zheng,	Z.	H.	Li,	A.	W.	Jasper,	D.	A.	Bonhommeau,	R.	Valero,		
R.	Meana-Pañeda,	S.	L.	Mielke,	D.	G.	Truhlar,	to	be	released	mid-Feb.,	2016.	



Time-dependent	Kohn-Sham	DFT	is	the	most	prac:cal	method	for	excita:on	energies	
of	complex	systems,	but	with	conven:onal	func:onals,	TD-KS-DFT	performs	poorly	
on	Rydberg	and	charge-transfer	excita:on	energies.	

Benchmarking	Mul:configura:on	Pair-Density	
Func:onal	Theory	on	Excited	States		

Rydberg	Excita6ons	 Charge-Transfer	Excita6ons	
Mean	unsigned	error	(in	eV)		

of	8	atomic	Rydberg	excita6on	energies		
with	d-aug-cc-pVQZ	basis	

Lowest	charge-transfer	at	
excita6on	energy	(eV)		

of	NH3���F2	at	a	separa6on	of	6	Å	

TD-KS-DFT/PBE 	2.5	
																			/PBE0 	1.5	
MC-PDFT/tPBE 	0.4 		

TD-KS-DFT/PBE 	0.1	
																			/PBE0 	2.8	
MC-PDFT/tPBE 	8.3	
				

average	of	CASPT2	
and	SAC-CI 	8.6	

Mul6configura6on	pair-density	func6onal	theory	(MC-PDFT):	
•  based	the	density,	kine6c	energy,	and	on-top	pair	density	of	a	mul6configura6on	

self-consistent	field	(MCSCF)	calcula6on.		
•  treats	open-shell	systems	and	bond	breaking	with	right	spa6al	and	spin	symmetry.	

References	on	next	slide.	



Benchmarking	Mul:configura:on	Pair-
Density	Func:onal	Theory	on	Excited	States		

To	treat	charge	transfer	excita6ons	in	dynamical	processes,	one	usually	needs	a	
consistent	treatment	of	valence,	Rydberg,	and	charge	transfer	excita6ons.		

The	performance	of	MC-PDFT	with	first-genera6on	func6onals	for	spectroscopy	
is	already	compe66ve	in	performance	with	a	frequently	used,	more	expensive		
method	(CASPT2).	

a	first	genera6onal	on-top	func6onal	obtained	
from	the	PBE	exchange-correla6on	func6onal		
by	a	simple	transla6on	

G.	Li	Manni,	R.	K.	Carlson,	S.	Luo,	D.	Ma,	J.	Olsen,	D.	G.	Truhlar,		
L.	Gagliardi,	J.	Chem.	Theory	Comput.	10,	3669	(2014).		

F.	Aquilante	et	al.,	J.	Comp.	Chem.	37,	506	(2015).	
C.	E.	Hoyer,	L.	Gagliardi,	D.	G.	Truhlar,	J.	Phys.	Chem.	LeP.	6,		

4184	(2015).		
C.	E.	Hoyer,	S.	Ghosh,	D.	G.	Truhlar,	L.	Gagliardi,	J.	Phys.		

Chem.	LeP.	7,	586	(2016).		

Work	performed	at	University	of	Minnesota.	



                         A strategic choice in  
                       electronically nonadiabatic dynamics 

•  Direct dynamics: 
l  High cost usually means  

l  reduced dimensionality 
l  insufficient sampling  
l  lack of dynamic correlation  

    
•  Dynamics with fitted surfaces in adiabatic representation: 

l  adiabatic surfaces have cuspidal ridges  
⇒ essentially impossible to fit 

l  couplings in adiabatic representation are singular 
 
Solution to these problems: 
use fitted surfaces and couplings in a diabatic representation 

l  surfaces are smooth: can be fit ⇒ full dimensionality possible 
l  couplings are scalar ⇒ easier to work with 
l  can be used with the state-of-the-art electronic structure methods 

including dynamic correlation 
l  affordable ⇒ sufficient sampling   

C.	Hoyer,	K.	Parker,	G.	Song,	S.	Mielke,	O.	Tishchenko,	R.	Mean-Pañeda,		
L.	Gagliardi,	D.	G.	Truhlar,	work	in	progress	at	University	of	Minnesota	



                     Photodissociation of Phenol: Full-Dimensional 
                        Multi-State Simulations including Tunneling  

X.	Xu,	J.	Zheng,		K.	R.	Yang,	D.	G.	Truhlar,	J.	Am.	Chem.	Soc.	136,	16378	(2016).				

Work	was	performed	at	University	of	Minnesota.	

Work	combines	four	state-of-the-art	methods	in	a	complementary	way:	
•  fourfold	way	diaba6za6on	based	on	MC-QDPT	
•  anchor	points	reac6ve	poten6als	for	filng	surfaces	of	complex	systems	
•  coherent	switches	with	decay	of	mixing	for	mul6-state	trajectories	
•  army	ants	tunneling	



•  Analy6c	 poten6al	 energy	 surfaces	 (PESs)	 and	 state	 couplings	 of	 the	
ground	 and	 two	 lowest-lying	 singlet	 excited	 states	 are	 constructed,	
including	all	42	internal	degrees	of	freedom.	

•  Wide	 range	 of	 geometries	 from	 the	 Franck-Condon	 region	 to	 the	
breaking	of	the	S-CH3	bond	is	covered.	

•  It	 is	 the	 largest-ever	 photochemical	 system	 treated	 with	 full-
dimensional	 PESs	 based	 on	 electronic	 structure	 calcula6ons	 including	
dynamic	electron	correla6on.		

•  Fourfold-way	 diaba6za6on	 is	 nonintui6ve	 in	 this	 case	 but	 produces	
smooth,	cusp-free	diaba6c	poten6als	and	couplings	that	are	easy	to	fit	

•  The	 PESs	 and	 couplings	 are	 suitable	 for	 study	 of	 topography	 of	 the	
poten6al	 energy	 landscape	 and	 of	 non-adiaba6c	molecular	 dynamics	
simula6ons.		

Full-dimensional	coupled	poten:al	energy	
surfaces	for	thioanisole	photodissocia:on	



Full-dimensional	coupled	poten:al	energy	
surfaces	for	thioanisole	photodissocia:on	

•  Internal	coordinates:		R		+		ϕ		+		Q	
reac6ve	coordinates	

Uij (R,φ,Q) =Uij
[1](R,φ |Qref )+Uij

[3](Q | R,φ)

FiPed	with	general	
analy6c	func6on	

FiPed	with	MM-like	analy6c	
func6on	to	local	expansion	
about	anchor	points		
[TD-KS-DFT	for	i=j]	

•  Full-dimensional	diaba:c	PESs	and	couplings	
(XMC-QDPT	and	4-fold	way/model	space	
diaba6za6on	except	TD-KS-DFT	for										)	

other	40	degrees	of	freedom	

R
ϕ	R

weighted	average	of	nearby	anchor	points	at	geometries	between	anchor	points	
R

ϕ	

x	 x	 x	

x	 x	 x	.	

Uii
[3]

S.	L.	Li,	D.	G.	Truhlar,	M.	W.	Schmidt,	M.	S.	Gordon,	J.	Chem.l	Phys.	142,	064106	(2015).		
S.	L.	Li,	X.	Xu,	C.	E.	Hoyer,	D.	G.	Truhlar,	J.	Phys.	Chem.	LeP.	6,	3352-3359	(2015).		
S.	L.	Li,	D.	G.	Truhlar,	work	in	progress	at	University	of	Minnesota	



                                          Diabatic surfaces for the reaction of 
                                            OH ( A 2Σ) with H2 
 

l  1st step: Diabatic representation obtained 
 by fourfold way from electronic structure  
 calculations by MC-QDPT. 

l  2nd step: The full-dimensional representation of the three diabatic 
states U11, U22, and U33 are fit using a permutationally invariant 
polynomial basis.  

l  Challenging 3rd step: The full-dimensional global representation of the 
diabatic coupling terms U12, U13, and U23 is more challenging because 
their signs depend on permutations and inversions. 

We are developing a strategy for fitting the diabatic potential 
energy matrix elements as functions of internal geometry in a basis 
with definite symmetry under the permutation–inversion group.           

 
H.	Nakamura,	D.	G.	Truhlar,	J.	Chem.	Phys.	117,	5576	(2002).		
I.	Kryven,	A.	Oliveira	Filho,	G.	Song,	S.	L.	Mielke,	R.	Meana-Pañeda,	B.	Fu,	J.	Bowman,	D.	
G.	Truhlar,	work	in	progress	at	University	of	Minnesota	in	collabora6on	with	Emory	
University	and		Universidade	de	São	Paolo	



Property-Based	Diaba:za:on:		
A	New	Method	and	SoRware		

Property-based	diaba6za6on	is	a	promising	alterna6ve	to	the	orbital-based	fourfold	
way	since	it	is	more	automatable.	

We	developed	two	methods:																																																

C.	Hoyer,	X.	Xu,	D.	Ma,	L.	Gagliardi,	D.	G.	Truhlar,	J.	Chem.	Phys.	141,	114104	(2014).		
C.	Hoyer,	K.	Parker,	L.	Gagliardi,	and	D.	G.	Truhlar,	J.	Chem.	Phys.,	submiPed.	
C.	Hoyer,	L.	Gagliardi,	D.	G.	Truhlar,	DQΦpac,	v.	1.0.	comp.chem.umn.edu/DQPhipac	

Work	was	performed	at	University	of	Minnesota.	
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DQ	method	computes	diaba6c	states	by	maximizing:	
•  φA	 	–	diaba6c	state	
•  μ 	–	dipole	operator	
•  Q 	–	quadrupole	operator	
•  α 	–	parameter	
•  j 	–	choice	of	origin	

DQՓ	method	computes	diaba6c	states	by	maximizing:	
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•  φA	 	–	diaba6c	state	
•  Փ 	–	electrosta6c	poten6al	operator	
•  β 	–	parameter	
•  k 	–	choice	of	origin	

Sotware:	DQՓpac	performs	DQ	and	DQՓ	using	Q-Chem	or	Molpro	proper6es.	
DQ	and	DQΦ	can	be	used	with	any	electronic	structure	method	and	are	path	independent.	



Property-Based	Diaba:za:on:	
												Illustra:on	

Adiabats	for	LiH	 Diabats	for	LiH	

Use	the	dipole	and	
quadrupole	to	
transform	

Other	successful	applica6ons:	phenol,	HCl,	H2	dimer,	and	two	more	
on	next	slide:	ozone	and	the	reac6on	Li	+	HF	 →	LiF	+	H.		
	

C.	Hoyer,	X.	Xu,	D.	Ma,	L.	Gagliardi,	D.	G.	Truhlar,	J.	Chem.	Phys.	141,	114104	(2014).	



Li	+	HF	➞	LiF	+	H	

•  The	diabats	are	smooth	and	approach	the	adiaba6c	curves	away	from	the	crossing.	

Asymmetrical	stretch	of	O3	

Current	computa6onal	challenge:	
Interfacing		DQՓpac	with	NWChem	and	other	electronic	structure	packages	

Property-Based	Diaba:za:on:	
												More	examples	and	Challenge	

C.	Hoyer,	K.	Parker,	L.	Gagliardi,	D.	G.	Truhlar,	J.	Chem.	Phys.,	submiPed.	



ANT version 2016 will be released in mid-Feb. 2016.!
ANT version 2016–2 is under development.!
	hPp://comp.chem.umn.edu/ant/	

Major	Development	Goal	of	ANT	project:	
			Incorpora6on	of	new	capabili6es	in	NWChem	

Specifics	planned	for	version	2016-2	or	later:	
			More	efficient	rare	event	sampling	
			More	efficient	tunneling	treatment	
			Improved	treatment	of	zero	point	energy	
			Improved	op6ons	for	ini6al	condi6ons	
			Paralleliza6on	
			Direct	dynamics	interface	with	NWChem		

Work	is	a	collabora6on	of	University	of	Minnesota	and	PNNL.	

S.	L.	Mielke,	R.	Meana-Pañeda,	N.	Govind,	and	D.	G.	Truhlar,	work	in	progress.	

Adiaba:c	and	Nonadiaba:c	Trajectories:		
ANT	Program	



Including	Tunneling	in	Semiclassical		
Simula:ons	

•  It	uses	internal	coordinates	to	define	the	tunneling	path.	

•  The	method	allows	one	to	explore	regions	of	the	phase	space	reached	only	
by	tunneling.	

•  It is very efficient, the full calculations on an ensemble can even be 
less computationally expensive than calculating the reaction rate 
without tunneling. 

J.	Zheng,	X.	Xu,	R.	Meana-Pañeda,	and	D.	G.	Truhlar,	Chem.	Sci.	5,	2091-2099	(2014).		

The	army	ants	tunneling	method	has	been	
developed	to	include	tunneling	in	classical	
trajectories	for	molecular	dynamics	simula6ons.	

Work	at	the	University	of	Minnesota.	



Including	Tunneling	in	Semiclassical		
Simula:ons	(con:nued)	

•  The	tunneling	events	are	followed	about	half	the	6me,	but	they	are	
weighted	to	ensure	that	the	result	converges		to	the	same	result	as	if	
paths	were	followed	according	to	their	probability.	

•  The	method	has	been	extended	to	electronically	nonadiaba6c	dynamics,	
where	the	trajectory	is	propagated	by	the	semiclassical	Ehrenfest	method	
during	tunneling	and	by	coherent	switches	with	decay	of	mixing	between	
tunneling	events.	

J.	Zheng,	R.	Meana-Pañeda,	and	D.	G.	Truhlar,	J.	Phys.	Chem.	LeP.	5,	2039-2043	(2014).		
S.	L.	Mielke,	R.	Meana-Pañeda,	and	D.	G.	Truhlar,	work	in	progress.	

Work	at	the	University	of	Minnesota.	

tunneling	through	
self-consistent	poten6al	

tunneling	through	
adiaba6c	poten6al	

•	•	 •	•	


