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Temporal and spatial scales of reactions
and enabling computational methods

A

cm —

3
3
|

Length Scale
3
|

Transport models
in porous media

Electron impact
kinetics
(PIC-MCC)
& mesoscale

Multiphase
flow modeling

Non-thermal
and thermal
plasma modeling

ML-based
parametrization
of plasma
chemistry models

Constrained optimization, Biased/Rare-event sampling,

Accelerated molecular dynamics, Rate equation

(microkinetic modeling), Monte Carlo (MC), kinetic MC

us ms s

Timescale

Multi-level and multi-scale schemes
can facilitate systematic
understanding of the elementary
processes, from atomic-scale
chemistry to continuum physics

Continuum physics-based models for
millisecond and micrometer-scale
phenomena (longer/larger)

DFT for short MD simulations

DFT-based ML force-fields enable
proper sampling of slow/rare events
(or even parameterization of
continuum models)

Correlated wavefunction theory and
Density functional theory (DFT) for
elementary chemical reactions in
gas/plasma and surfaces



Hierarchy of Quantum Interaction (Fall C1)
meChOﬂiCC” (QM) meThOdS Multireference singles
and doubles CI (MRSDCI)
Ground & Bethe-Salpeter CAS + pertrubation theory

Solve Schrodinger Equation or BSE

Equation: Hy(r,R) = EY(r,R) Rigorous (two-body bound quasiparticles) (Gt LIS, GUE)
: Excited Equation of Motion (EOM) - CCSD/(T)
. . . Green's function (G)+
Apprpxmahqns mtrodpced - mostly State Screened Coulomb (W) QelEE Selve GieE
physically guided/inspired Theories or GW Method self-consistent field (CASSCF)

(single quasi particle)

Ideally, errors are tractable, and
method is systematically improvable

. . Random Phase
(fortuitous error cancelation occurs) Approximation (RPA) ==========

Not all methods are created equal

Electron and nuclear degrees of freedom Double hybrid DFT

separated (Born-Oppenheimer — “fixed” (XC + exact exchange
+ PT2 correlation)

nuclei); nuclei generally tfreated classically

In QM, one starts with classical interactions of
electrons and nuclei (Coulomb - charged

particles) and electrons’ kinetic energy (a (Range-separated) Hybrid DFT
wave) (XC + exact exchange)
Systematically add quonTum “wprld” gffgc’rs - _ Kohn-Sham DFT
electron exchange (Pauli exclusion principle) with exchange-correlation (XC)
. . functional approximations
and correlation (correlated electron motion
reducing Coulomb repulsion, electron as st e s gIEdlor: ol (isi-E el
wave) (p,Vp,Vep or |Vy|< or -w*V-y)

Generalized gradient or GGA (p,Vp) Hartree-Fock Theory
Chemical accuracy ~ 0.043 eV 2> r « exp(+E/kgT) Local Density or LDA (p) (exact exchange)
~6orl1/6;DFT errors~0.1-1.0eV



Excited-State Chemisiry
Enabled by Light and Plasma




Chemical production and manufacturing

Chemicals from

Crude Oil Fractional

Global Annual Market/Demand Use

Distillation light saturated hydrocarbons (million metric tons [year])
\ solid carbon,
o C,, Gases % methane SN $ alkenes,
P nanotubes T Halléynes,
— , ogen
- I I 3 graprr:ite, . ( hite) electrodes
, graphene p | eemmemmecaeeses 4 (graphite ’
Cs.q90  Gasoline 4 ethane M [2024]° Li-ion batteries?
ethene | -ceoiioiaiion 190 [2024]°  chemical precursor
[ [ Q for plastic & rubber®
l! oL | dehydrogenation : /bpropene --------------- 117 [2022]° precursor for
pyrolysis plastic & alcohol®
1,3-butadiene | Tttt 12 [2022) prer(l:Jubrggrrdfor
isobutane o e
hydrogen b e 97 [2023] fuel, reductant
Cz0-50  Lubricants .
| synthesis ----- 246 m|II|o3n chemical feedstock,
carbon monoxide gas normal m*/hr e.g., methanol”
C _ | [20247 ’
50-70 Fuel oil L -
%) B B - S resin, fertilizer,
08 n-butane steam reforming ! formaldehyde 28 [2023) medicines, cosmetics?
3 Bitumen/ partial oxidation e 96 [2024]"  chemical precursor,
asphalt CA o methanol oxygenates e.g., paints, cosmetics, fuels”
i B
rude n — aldenyde,
u water  oxyge C — ketones

Light gases from petroleum are important
chemical feedstocks to generate chemical
precursors = produce economically
important commaodities, e.g., plastic, rubber,
alcohols, fertilizers, cosmetics, etc.

Their conversion are typically facilitated by
heat (fossil fuel combustion)

How can we enable electrification and
decentralization? Plasma?



Chemical processes in (low-temperature)

plosmo (Cmd phOTOWS'S) Energy dissipation channels of
molecules after collision with an

energetic electron (e™) in plasmas:

rgd,'gﬁ': i{ closed-shel M ) break/form bonds; lose/gain
}3 7 A {‘O electron(s); electronically/vibronically
% xd excited
Surfaces may influence
o i\( %"{ ‘i } preferred channel:
¢ dissociation . .

or recombination recombination chemistry-driven
& desorption

dISSOCIatIOn

& ionization Explore role of
heterogenous catalysts e.g.,

Cu and Pt in plasma-

o plasma assisted partial

energy —»

electronic 5 bs 0 dehydrogenation of light
& vibrational @
excitations 5 alkanes
in plasma adsorbates
plasma-surface energy curve
bond length ——> interface vy =0 on surface

bond length —— Excited-state methods for
molecules are essential



Dehydrogenation and partial oxidation

of light hydrocarbons

Additional (C-H) or

e 8 c-0 C-H/O-H
aeeidng HESEE (Ct—JEe;k(i;—:) forming breaking
+0
) Q"."O = & \
k} 3 methyl methylene +H,0| methanal ¢ : }
aitld carbon
¢ i \ e monoxide

d
2-methyl-
propene

CxHy (+ O2/H20)

Chemistry may be (beautifully)
complex but can be tractable

Dissociation channels are primary
routes (C-H and C-C - easier), but new
bonds may also form (C-C, C-O, O-H)

Preferred processes may be different between
plasma, photolysis (light-driven) and thermal
activation (heat-driven)

Qk—% Transformations are driven by:

Electron collisions, imparting energy and sometimes
charge - low-temperature plasmas;
Optical transition — photolysis;
Translationally, rotationally, & vibrationally energized
. particle (molecules and atoms) collisions — thermal;



Comparing QM methods: propane dehydrogenation gas-phase energetics

CH5CH,CH; —> CH;CHCH; + H° CH;CHCH; —> CH;CHCH, + H° CH;CHCH, —> CH;CCH, + H° CH;CCH, —> CH3CCH + H°
2 : : : : - 2 : ‘ : : ‘ 2 2 ‘ ‘ , .
1} x‘» ] 1} XA\ ] 1} 1} ¥oo. |
o SZ = 1/2 8 SZ e 1/2
0 \ 0 AN 0 0 e \
= = /(sz =1/2 o — Sz;=1/2
211 s, =401} 3 s=1/2 1 2171 3 - s=1/2
B CAS(8e,80) 3 ' CAS(7e,70) 5 3 CAS(5e,50)
2 -2t 1 &-2¢t 1 2-2¢t 2 -2
iy &P B Iy \ I L \
-3 ; ; ) g 3} ) i 3} = L QU o
al / uDFT-PBE+D3BJ | | %& ] 4l o Mﬁ
URPAX2(DFT-PBE) ¢
CASPT2
-5 L . , - - _— -5 L ‘ ‘ . . - -5 L -5 L s ‘ s - -
0 1 2 3 4 5 0 1 2 3 4 5 0 0 1 2 3 4 5
C-H bond length [A] C-H bond length [A] C-H bond length [A] C-H bond length [A]
Reaction\Reaction Energy (eV) A(H{(OK)-ZPE)ex, UDFT-PBE+D3BJ URPAX2 CASPT2 NEVPT2
CH3CH,CHs3 —» CH3HC=CH, + H, 1.60 1.70 1.71 1.65 1.50
CH3HC=CH,; —» CH3C=CH + H, 1.99 2.12 2.02 2.05 2.02

Accurate predictions across the board: spin-unrestricted (spin-contaminated) DFT-PBE+D3BJ
and RPA(DFT-PBE) vs. spin-restricted multireference CASPT2/NEVPT2

exp : Computational Unrestricted DFT-PBE+D3BJ RPAX2 : A. HeBelmann, Phys. Rev. A, 85, 012517 (2012)
Chemistry Comparison and C.H-PAW, planewave, 700 eV CASPT2 : H.-J. Werner, Mol. Phys. 89, 645 (1996)
Benchmark Database NIST kinetic energy cut-off NEVPT2 : C. Angeli, et al., J. Chem. Phys., 114,10252, (2001)

(https://cccbdb.nist.gov) C.H - All-electron; aug-cc-PVTZ



Comparing QM methods: H-H and Pt-C/Pt-H bond dissociation

H, — 2H CHHCCHs o cHGHen, + pt: CHHCSCH: oy chen, + pr: H-Pt —> H* + Pt:
Pt Pt >
: 1 ' 's, =172 ! S ‘T‘_ ’
1 S;=0 3 ]
/" ° ° ff:: 1 \
° S; ={0,1} CAS(8e,80) 0
saf =l =l | 5|
3 ) > > ) 3 /' S=1/2
5 | CAS(2e,20) g’ g ’ 5 | y e,30
g-2r gl &2} s:=0 s, = (0,1} 7’* '2}':1 | 2-2 CAS(3e,30)
Yy ] 0 Bl o) S =11/2,3/23
| s | op Mo e L
I l I CA‘SPTZ | CASI(9e'90|) ’ ’ I CAS(?S,SO) | I I ‘ I I | | I
- 0 1 2 3 4 5 6 - 1 2 3 4 5 6 7 - 1 2 3 4 5 6 7 - 1 2 3 4 5 6 7
H-H bond length [A] C(2°)-Pt bond length [A] C(2°)-Pt bond length [A] Pt-H bond length [A]
Reaction\Reaction A(H{(0K)- UuDFT-
Energy (eV) ZPE)exp PBE+D3BJ URPAX2 CASPT2 NEVPT2 Spin-unrestricted DFT-PBE+D3BJ
H, - 2H 4.75 4.54 4.79 4.61 4.53 comparaple fo CASPT2
CH3CH,CH;3 - Spin- tricted RPAX2(DFT-
1.60 1.70 1.71 1.65 1.50 pin-unrestricte (
CH3HC=CH, + H, PBE) : the same as DFT-
CHsHC=CH, - PBE+D3BJ for H,, but under-
CHoC=CH + 1 1.99 2.12 2.02 2.05 2.02 binds Pt-CsH, complexes and

exp : G. Herzberg, A. Monfils, J.
Mol. Spectrosc. 5, 482 (1961);
https://cccbdb.nist.gov

Unrestricted DFT-PBE+D3BJ
C.H.Pt - PAW, planewave,
700 eV kinetic energy cut-off

RPAX2 : A. Hepelmann, Phys. Rev. A, 85, 012517 (2012)  1ails convergence for Pt-H

CASPT2 : H.-J. Werner, Mol. Phys. 89, 645 (1996)

NEVPT2 : C. Angeli, et al., J. Chem. Phys., 114,10252, (2001)
C.H - All-electron; aug-cc-PVTZ,

Pt — 80-electron ECP; aug-cc-PVTZ



Propane dehydrogenation
mechanism on Pt(111): insights from DFT

Stable surfaces of face-centered
cubic platinum (Pt) Wulff
construction — shape that

minimizes the surface energy
(equilibrium) given a crystal
volume

Platinum
(fcc)

propane(g) propene(chem)

» -0.34 eV -0.05 ev

propane(phys)

2-propyl ¥ -

Reaction energetics
and structures
Periodic DFT-
PBE+D3BJ

(atomic models: CH, Pt —

v Dehydrogenation at the 2° carbon preferred
black, white, grey spheres) v Decomposition energetically down hill on Pt{(111)
v' Strong Pt-H bond (desorption energy of Hy, = 1.09 eV/H,)
v 1-or 2-propenyl formation favored over propene desorption

C.H, Pt - PAW potentials
Planewave 660 eV kinetic
energy cut-off X propene and propyne too strongly bound
Five-layer (3 x 3) Pt(111) slab, prop Propy gy

7x7x1 k-point mesh . .
How reliable are the calculated energetics?



Divide and Conquer: Combining DFT and correlated
wavefunction methods for surface reactions

max [W = EéqDFT[pAr Vemp] + EEDFT[pB» Vemp] — {JVemb pA+B dr}l
Density Functional Embedding Theory (DFET)

Embedding scheme: SW_ SElper | SEQer  SEBEF
Density functional embedding theory + Vern (™) Ve (™) Ve (1) 8V (1)
Embedded correlated wavefunction (CW) theory ~ 0AWV o 1GF) + PB Vo] () —pA*B (1)
hcp
hollow

Pts

Ptis DFET PW—DFT
E = Erun

bGTO—-C bGTO—
+(Ecelrzr}st371: W[Vemb] - fz’&lstei DFT[Vemb])

Refinement for ground-state reaction
C. Huang, M. Pavone, E. A. Carter, J. Chem. Phys., 134, 154110 (2011) energy surfaces AND enables accurate
K. Yu, F. Libisch, E. A. Carter, J. Chem. Phys., 143, 102806 (2015) treatment of exc"ed_stqie Surfoces 11



Divide-and-Conquer: DFET and embedded CW workflow

Obtain DFT reactant and

product structures Partition bare slab:
Perform DET (slab+adsorbate) active site + environment
simulations | Density functional embedding theory
Search for Optimize V.,

transition-state

‘ Vemb
adsorbate
structures

Evaluate embedding
integral <‘Pi|Vemb|(Pj>

Modify electronic Hamiltonian

Add <‘Pi|Vemb|(Pj>t0
one-electron H

Typical
workflow

Perform embDFT Perform QM simulations
and embCW

full DFT energies

L~ Evaluate final energies
12



Select Pt(111) surface reaction energetics

from ECW theory

DFT(PBE)+D3BJ
vs. emb-
CASPT2/NEVPT2

(w/ experimental
benchmarks)

Experimental values

(OK- extrapolated and ZPE removed)
Propane on Pt(111): M.C. McMaster, et al.,,
Chem. Phys., 177,461 (1993)

H on Pt(111): B. Poelsema, et al., J. Phys.
Condens. Matter, 22, 304006 (2010)
Propene on Pt(111): M. Salmeron, G.A.
Somorjai, J. Phys. Chem., 86, 341 (1982)

Restricted DFT-PBE+D3BJ
C.H,Pt —PAW, planewave, 660 eV
kinetic energy cut-off

CASPT2 and NEVPT2
C,H - All-electron; aug-cc-PVTZ
Pt — 80-electron ECP; aug-cc-PVTZ

-1.6

CH5CH,CHs(g) CH5CHCH,(g)
Ha(g) —> 2H(chem) —> CH;CH,CHs(phys) —> CH3CHCH,(chem)

CAS(8e,80)

-0.61 £ 0.14

CAS(10e,100)

experiment: AH(T—=0K)—-ZPE emb-CASPT2 emb-NEVPT2
DFT-PBE+D3BJ emb-CASPT2+BSSEc emb-NEVPT2+BSSEc

DFT-r2SCAN-L+

DFTs and embCASPT2 over-bind *H on Pt(111)

embNEVPT2 (6 = 0.222 H coverage, 2H* adjacent fcc
sites)within experimental range (6 = 0.1 to 1.0)
Improvement in prediction accuracy across the board when
using correlated wavefunction methods



Excited-state decomposi’rion vertical excitation energy (V,.) = 10.4 eV
vertical ionization energy = 14.2 eV (exp = 13.6 €V)

of gaseous methane vertical electron affinity (V;,) =-0.72 eV
Dissociative electron impact excitation Dissociative electron attachment
CH, + e (e) = [CH" (Vo) + e (e = V,,) » CH; + H  CHs+e” — [CH4]"™ = [CHy]™ + H;
12 r T r r T r r 12 T T T T T T I
11 : ] 1t
10 \\/\/. T 10 |
Sl f
9 ] 9
8 . 8 |
> ] < ¢
% / T, E 7r }ﬂ
S ° So ] S 6 {
LICJ 5 | ‘/-.-—"f v . GC) 5 B e e hd e =
4 t /:7&0'—0———0—0 w 4 | DO ]
3 [CH,]~ CH; + H™
2 Do ! ]
1 Light and plasma: chemical .
00 5 transformations enabled by multiple . &

reaction pathways and 5 4 6 8 10 12 14

C- . . .
I
(Four-state) multi-state CASPT2 eleci'ronICCI"y excited manifolds! . . ° Single-state CASPT2
State-averaged CASSCF Reaction coordinate [A] State-specific CASSCF

active space: (8e,80), basis set: aug-cc-pviz active space: (9e,90), basis set: aug-cc-pviz
DFT structures DFT structures



Light-activated (plasmonic) catalysis: methane dry reforming to syngas
(industrially important chemical precursor)

Methane dry reforming on Ru-doped Cu

CH, + CO, == 8007 IRE
3 oo Tio
/ o A" '. > 7 ’.'.’. 6 = \P - g
¢ £ 200 -08 §
AN 2 1 Photocatalysis e o :06 E‘
ORI c 150 1 Thermocatalysis ® o I
‘.- A » . . . . s o b L 0.4 N
A AP LS T 100 - -5t g
» » - - » ®©
p & . . - . . . " . ¥ » 9 ~ 02 =
e - T 90 M I
O—O a » 4 » " » (@] - 4—/.....‘ ~ 0
2H, + 2CO - & Rl 0 T, Ma -
Time (h)
* H2+CO (SW‘QOS) Conversion of thermal vs. photo
« Cu nanoparticles <10 nm (Cu:Ru = 100:1)
(varying low Ru fractions) o
on MgO/AIQO3 Effective (light) and

thermocatalytic (dark)
temperatures ~ 1000 K.

Light =19. 2 W/cm?2 white light

+ white light illumination
(19.2 W-cm™2, room temp.)

L. Zhou, et al.; Nat. Energy, 5, 61 (2020)



Slab and cluster models

Periodic DFT (PBE+D3BJ) with
semiempirical van der Waals
correction for reaction
pathways

C-H bond breaking
(forming CHs;, CH,, CH,
and C fragments) slow

Cuys or CuysRu

(V21xv21)R 10.9°

Embedding 2 | ol
potential from DFET T O

Cug, or CugzRu

® Hov/-10V

L. Zhou, et al.; Nat. Energy, 5, 61 (2020) 16



Excited-state C-H bond activation from embedded NEVPT2

0
First C-H bond breaking 2( 7
most difficult on pure Cu
Key:
Fourth C-H bond Cu/Ru/C/H

breaking for Ru single

atom on Cu
CH — C+H

Moderate ground-state barrier, ' CuRu

an excitation energy of ~1.4

w
o
T

1

NEVPT2 using =

multiconfigurational > eV enough to almost

CASSCF with an o overcome the barrier

active space of i

(19e.100] as 5 visible light activated!
o

(barrier from 1.1 eV 10 0.4 eV)

CASSCF : H.-J. Werner, Mol. Phys. 89, 645 (1996)
NEVPT2 : C. Angeli, et al., J. Chem. Phys., 114,10252, (2001) RRe  reduced reaction coordinates RRp

L. Zhou, et al.; Nat. Energy, 5, 61 (2020) 17



Summary

Spin-contaminated DFT with semi-local (PBE) exchange-correlation functional
proved to be adequate for gas-phase hydrocarbon dehydrogenation chemistry

Spin-unrestricted RPA show similar performance as DFT for gas-phase rxns.,
although worse for an open shell fransition metal atom (Pt)

Newer generation XC functional r”2SCAN-L with rVV10 vdW correction predicts
similarly as PBE + D3BJ for H, and C3Hy adsorption on Pt(111) — does nof justify
increase computational cost

Multireference perturbation theories (enabled by DFET for surfaces) produce the
best result across the board — gaseous and surface reactions

Multireference perturbation theories provide valuable insight into excited-state
chemical processes

Surfaces may influence conversion pathways for excited state species harnessed
through plasma or light excitations



Using Quantum Mechanics
For Designing Qubits




Optical and magnetic properties of diamond ®) ) PPPL s
color centers -

diamond
local
structure

Qubits (quantum bits)

» Basic units of information in quantum devices Example: negatively

that enable computation, communication, and charged NV center in (
sensing diamond e%&w
+ Takes advantage of quantum phenomena:
electron and nuclear spins, state superposition, & N dopant
entanglement e
+ Prepared/manipulated via static magnetic field with the NeV defect
(energy splitting via Zeeman effect); generate a Spin Triplets \ intergygtem
coherent state (different m; sublevels) via 21y |12y 2 3 —— _  crocaing (ISC)
microwave (zero-field splitting energy) 4 4 4l A4 a [
+ Pumped using visible light excitation s 4 4 A
* Probed measuring emission (fluorescence) 5, o ~sl||E= 2
fornal SE(lg® |gS
microwave or externa Spin Singlets J2||8 e g =
vigible [Ighf magneﬂc |220> |202> | Q[T > < § =
lattice field v
\nbraﬂong SR 4 — €
—H— % 4’# 3/ ] r§ (SC
8=]220) +]202) - - 20
£=1220) - [202) - NV triplet  Singlet

e.g., diamond defec’r E=]202) - |220) «-- states states



DA SO ®) ) PPPL R
diamond Diamond

* Wide-band gap (5.5 eV) group IV semiconductor
+ Diamagnetic (“nonmagnetic”)
+ Can form magnetic defects
» High breakdown voltage
+ Can be made with high purity and precisely placed defects

Ferrenti, A. M., de Leon, N. P., Thompson, J. D. & Cava, R. J., npj Computational Materials 6, 126 (2020)

Vacancy Dopant Defect type Defect

charge
none group 5
Ve +1
v O O
group3 @ BcVe :’/ 0
0 NcVe
o Si.2Vc 1
group 4 P.2V¢ (J
2Ve group 6 Sb2Vc
@ 9 Bi,2Vc (-2)

S22V




QM method benchmarking
for pure diamond

Cs <&

Band gap of pure diamond: Different DFT
exchange correlation functionals and
quasi-particle method vs. experiment

[001]

[010] 3.568 A

Table 1. Predicted lattice constant and indirect band gap? for a pristine diamond (Cs supercell) from
different DFT approximations compared to the experimental structure and fundamental band gap.

Method Cubic a (4) Eq (eV)
Experiment 3.56712 + 0.00005°  5.480 + 0.004°
DFT-r>-SCAN-L 3.5677 4.22 +0.02
DFT-HSEO06 - 5.30 + 0.02
GoWo @DFT-PBE - 5.50 + 0.02°

aDifference between the energies of the conduction band minimum
and valence band maximum
bX-ray diffraction at room temperature, Yamanaka, T. & Morimoto, S.
Acta Crystallographica Section B 52, 232 (1996)
¢photoemission-inverse photoemission, Cheng, L., Zhu, S., Ouyang, X. &
Zheng, W., Diamond and Related Materials 132, 109638 (2023)
dformally corresponds to the fundamental gap

Martirez, arXiv, 2505.01250 (2025)

A PRINCETON
¢ PLASMA PHYSICS
/ LABORATORY

experimental E,

Energy (eV)
o

2 r DFT-r2-SCAN-L
DFT-HSEO06
GoW, @DFT-PBE

0 02 04 06 08

DOS (states eV atom™)

Pure diamond electronic

structures (densities of states)



Single-particle picture: DFT-predicted o rnceToN
electronic structure of NV- defect in ) ) PPPL S

bulk diamond A | c

2nd-nearest C
— "to defects

Energy (eV)
o
5.30 £ 0.02 eV

B — nearest C
to C[3c]

total DOS

0 02 04 06 08 0.4 02 0 02 04 12 06 0 06 12
DOS (states eV’ atom'1) DOS or pDOS (states eV’ atom") pDOS (states eV’ atom")
Cos [CeaN]™
62
N, C except

3-fold coordinated C ( )

Gap states from under-coordinated C atoms: C[3c]
C next to N (C[nN])

Defect orbital transition: a; =2 e
“Defect gap” (2.38 eV) higher than experimental optical vertical
excitation (2.18 eV) and emission (1.95 eV)
Davies, G., Hamer, M. F. & Price, W. C. Proceedings of the Royal Society of

. ) London. A. Mathematical and Physical Sciences 348, 285 (1976)
Martirez, arXiv, 2505.01250 (2025) Ma, Y., Rohlfing, M. & Gali, A. Phys. Rev. B 81, 041204 (2010)



Are the defec’r states sensitive to defect 4 PPP S
concentratione : LABORATORY

[CissNT™

Y L)
Wiyt 9@

Supercell
sizes
Yes, to some extent, defect “gap”
a function of supercell size (~0.1 eV)

[C126N]_ [ClSBN]_
BEE = 3=
. 30 —f o — ZI 0 ZI
Electronic structure £l3s 4= =
(densities of states) 2 _——— 2 S 2 C
DFT-HSE06
DFT-HSE06
-4 -4 -4 1 -4
-6 6 -6 {1 =
0 0.2 0.4 0.6 0.8 -0.4 -0.2 0 0.2 04 -04 -0.2 0 0.2 0.4 -0.4 -0.2 0 0.2 0.4

DOS (states ev'! alom")

Martirez, arXiv, 2505.01250 (2025) pure

DOS (states eV’ atom")

DOS (states eV atom™")

w/ NV- defect

DOS (states ev! a(om")



Excited-state Property Predictions via /,
Capped Density Functional ®) ) PPP r55 s
Embedding Theory

[C126B]1~
2. Optimize an
embedding potential

full [110] Y
system i / &
El/ o W = ES e [ ph Vs ]
> o oge + 2
[108 0 1. Partition System +Eppr L[, Ve |
_ fVemb (pfull + pcap1+cap2) dr
+[F12015] +[B1.]
capped [Ci11B12] SW
cluster \ = ptl+capl(p) 4 penv+cap2(y
capped

u 1+cap2
environment _(pfu + peapitcap ) 50

(partitioning
and

capping) pcl+cap1(r) +penv+cap2(r) _pcap1+cap2

= pfull

' I ] 3. Perform correlated wavefunction theory
calculations with modified non-periodic
cluster Hamiltonian (no slowly convergent
Coulomb interactions)

free of defect-
H=H°4V,,, ¥

defect interaction
DFET: Huang, Pavone, Carter, J. Chem. Phys. 134, 154110 (2011)
Capped DFET: Martirez, Carter, J. Chem. Theory. Comput. 17, 4105 (2021)
Diamond w/ capped DFET: Martirez, arXiv, 2505.01250 (2025)

auxillary
fragment



Molecular orbital picture
& multiconfigurational picture

NeVe o
3e “-“‘\ ...".. ..?.
L waSe.
4a, ’
oo E‘Oé o’
N A
/‘? —1—ii 2sp?
."_ 3a, 6C[3c]
éz\ N lone pair_t% : .,:f.::::’
”’ [ 4
A o‘?‘o

Point Group Symmeitry + Molecular
Orbital Diagram (explains spin structure
and frontier orbital character) —
molecule-like not atom-like

w M W 4

\ PRINCETON

PPPUL s ecs
s LABORATORY
—

Calculated Natural
Orbitals from
multiconfigurational
CW (verifies frontier
orbital character and
approximate
symmetry)
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Structures : DFT-r2-SCAN-L EXP: G. Davies et al., Proc. R. Soc. Lond. 348, 285 (1976); P. Kehayias, et al. Phys. Rev.
Optimized embedding potential : DFT-HSE06 B, 88, 165202 (2013); M. Goldman, et al. Phys. Rev. B, 96, 039905 (2017)
o0 . . capped DFET + NEVPT2: embedded Ci5NF12012; Martirez, arXiv (2025)
Excitation energies : mulfistate CASSCF + NEVPT2 QDET + FCI: Cs0N; N. Sheng ... G. Galli, JCTC, 18, 3512 (2022)
CO'CUIOTed properﬁes: DMET + NEVPT2: C2]4N: S. Haldar ... L. GOg'lGrdL J. PhyS Chem. Leﬂ', ]4, 4273 (2023)
Excitation energies, transition dipole moments - relative ~ DMFET+ FCIQMC: CiHioN; Y. Chen ... J. Chen, Phys. Rev. B, 108, 045111 (2023)
obsorp’ripn s’rrepg’rh and natural lifetimes, spin-orbit coupling Method is accurate and rivals best-in-class!
- zero-field splitting
Performs well across the board 27
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Detailed benchmarking of the capped-DFET method using
embedded NEVPT2 using the negatively charged “NV center” in
diamond as example

We found capped-DFET with emb-NEVPT2 reproduces VEEs and
the ISC energy for spin friplet and singlet NcV~ with errors less
than 0.1 eV, rivaling more expensive methods

Confirm and thus establish an accuracy-retaining method that
will potentially enable fully ab initio QM characterization of an
array of localized defects in diamond that may be key materials
as building blocks for quantum devices
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