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THE ELECTRONIC SCHRODINGER EQUATION
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SINGLE-REFERENCE COUPLED-CLUSTER (CC) THEORY
(F. Coester, 1958; F. Coester and H. Kiimmel, 1960; J. Cizek, 1966,1969; J. Cizek and J. Paldus, 1971)
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SINGLE-REFERENCE COUPLED-CLUSTER (CC) THEORY
(F. Coester, 1958; F. Coester and H. Kiimmel, 1960; J. Cizek, 1966,1969; J. Cizek and J. Paldus, 1971)
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To reduce prohibitive computer costs of CCSDT, CCSDTQ, etc., one
usually approximates T,, T,, etc. This can be done through, e.g., non-

iterative corrections to CCSD energies, as in the CCSD(T), CCSD(TQ),
etc. approximations.

« iterative N6
plus non-
iterative N7 or N°



EXCITED STATES: EQUATION-OF-MOTION CC (EOMCC) THEORY,
SYMMETRY-ADAPTED-CLUSTER CONFIGURATION INTERACTION
APPROACH (SAC-CI), AND RESPONSE CC METHODS

(H. Monkhorst, 1977; D. Mukherjee and P.K. Mukherjee, 1979; H. Nakatsuji and K. Hirao, 1978; K. Emrich, 1981; M.
Takahashi and J. Paldus; 1986; J. Geertsen, M. Rittby, and R.J. Bartlett, 1989)
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(K. Emrich, 1981; J. Geertsen, M. Rittby, and R.J. Bartlett, 1989; J.F. Stanton and R.J. Bartlett, 1993)

In the exact theory,
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Basic approximation: EOMCCSD B
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Higher-order methods: EOMCCSDT, EOMCCSDTQ, EOMCCSD(T), etc.



Electron-Attached (EA) and lonized (IP) EOMCC Methods
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CHALLENGES IN COUPLED-CLUSTER THEORY
(IN FACT, IN ALL AB INITIO ELECTRONIC
STRUCTURE APPROACHES)

R —

* Reaction pathways involving bond breaking, biradicals,
energy gaps in magnetic systems, electronic excitations
dominated by two-electron transitions, ... (generally, multi-
reference problems, systems with strong non-dynamical
correlations).

* Steep increase of computer costs with the system size
(typically, CPU steps and memory requirements that scale
as N6-N7 and N4, respectively, with the system size N).



TYPES OF MANY-ELECTRON CORRELATIONS

short-range = short-range =
dynamical dynamical

long-range =
non-dynamical

CONVENTIONAL SINGLE-REFERENCE CC/EOMCC METHODS ARE
EXCELLENT IN DESCRIBING DYNAMICAL CORRELATIONS (EVEN WHEN
THEY ARE STRONG, AS IN NUCLEI), BUT THEY HAVE SERIOUS PROBLEMS
WHEN NON-DYNAMICAL CORRELATIONS BECOME SIGNIFICANT
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PROBLEMS WITH THE STANDARD CC/EOMCC

APPROXIMATIONS
A — TIEA A o TIE A
{TI:: } - Ei”.:lTirl.'.' HI:: } — ETL=D HH:'TLI_. mA { -I!Wr}
. .?.
T I H H H
10860 | CCaD £ ) Trimethylene blradlcil
u CCED(T) ¢oF \ "
o CCsD(TG) 1'.; '
-108.70 - ~ CCBOTIC) " ; ! )
| wes Full G _'dr‘ |
-108.80 - * CCSDT AL 12080 | e g
b ba1crcecs=00" - N burcr 2 =00° -
=18 494Q - $us c3 c2c1=00° s cs.crc =00
CCSD(T) CCSD(T)
-109.00 - Vib mode [1/em] Vib mode [1/emf
1 411.21 1 41121
109.10 2 15711 2 157.11
S 3 168.1 3 168.1
4 237.6 4 237.6
-108.20 - 5 336.6 5 336.6
" . | L ;. - /-‘l_:.:-:_-’-:--; . L [
=-1089.30 L i i i i i [ _.-_f :'::—:-:;;' -:_'::
1.5 2.0 2.5 3.0 3.5 4.0 4.5
R, (bohr) CASSCF:  330.0i, 314.5i

MCQDPT2: 131.7i



Vertical excitation energies of CH*and C, (in eV) [K. Kowalski and P. Piecuch, 2001, 2002]

System 5tate Full CI{EOMCCSD CC3 EOMCCSDT

CHT 2'5T 8549 0.560 0230 0074
35T 13.525| 0.055 0.016 0.001
418+ 17.217| 0.099 0.026 -0.002

111 3230| 0031 0012 -0.003 errors
21 14.127| 0327 0219 0.060 relative
1A 6964|| 0924 0318 0.040 | | *™= to full CI
21A  16.833|| 0856 0261 -0.038 (eV)

Ca 11, 1385 0.090 -0.068 0.034
1 lﬁi 2293|| 2.054 0.859 0.407
1187 5602  0.197 -0.047 0.113

1M1, 4.494|| 1.708 0.496 0.088

Adiabatic excitation energies of the CH radical (in eV) [S. Hirata, 2004]

Stater EOMCCSD EOMCCSDT EOMCCSDTQ Experiment

atx- 0.95 0.66 0.65 0.74
AZA 3.33 3.02 3.00 2.88
B 2x- 441\, v 3.27 3.27 3.23

C2x* 5.29 f¢rrors 4.07 4.04 3.94




AMONG THE SOLUTIONS WITHIN CC (EXAMPLEYS):

IMPROVED SINGLE-REFERENCE CC THEORIES, FOR EXAMPLE,

Completely renormalized CC and EOMCC approaches (cf., also, methods based on partitioning of the
similarity transformed Hamiltonian)

Objective: Use asymmetric energy formulas and moment expansions to capture the most relevant
dynamical and non-dynamical correlations dynamically

Extended CC approaches

Objective: Use two cluster operators and bi-variational formulation to improve cluster amplitudes
Externally corrected and tailored CC approaches

Objective: Use information about non-dynamical correlations extracted from non-CC wave functions
Spin-flip CC and EOMCC approaches

Objective: Use spin-flipping excitation operators to obtain low-spin states from high-spin references

MULTI-REFERENCE CC (MRCC) THEORIES

Genuine MRCC approaches: valence-universal and state-universal MRCC
Objective: Use multi-dimensional reference spaces and the multi-root Bloch wave operator theory
State-selective MRCC methods, e.g., BW-MRCC, Mk-MRCC, MR-expT, BCCC, ic-MRCC, MR-EOMCGC, etc.
Objective: Use multi-dimensional reference spaces but focus on one state at a time

ACTIVE-SPACE CC/EOMCC APPROACHES (simplified SSMRCC or SRMRCC,; also, CASCC)

Objective: Use active orbitals in single-reference CC/EOMCC to incorporate the leading non-
dynamical correlations through selection of higher-than-double excitations
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AMONG THE SOLUTIONS WITHIN CC (EXAMPLES):

IMPROVED SINGLE-REFERENCE CC THEORIES, FOR EXAMPLE,

Completely renormalized CC and EOMCC approaches (cf., also, methods based on partitioning of the
similarity transformed Hamiltonian)

Objective: Use asymmetric energy formulas and moment expansions to capture the most relevant
dynamical and non-dynamical correlations dynamically

CC(P;Q) METHODOLOGY.

ACTIVE-SPACE CC/EOMCC APPROACHES (simplified SSMRCC or SRMRCC; also, CASCC)

Objective: Use active orbitals in single-reference CC/EOMCC to incorporate the leading non-
dynamical correlations through selection of higher-than-double excitations




IN SEARCH FOR BLACK-BOX METHODS FOR BOND BREAKING AND
EXCITED STATES:
METHOD OF MOMENTS OF COUPLED-CLUSTER EQUATIONS (MMCC)
AND COMPLETELY RENORMALIZED CC/EOMCC APROACHES

Main idea:

5 = B — B = AU M3z

-k[mﬂ), k > m,.;]

aa'l

E}f] — the energy of electronic state K obtained using standard

coupled-cluster calculations (e.g., CCSD or EOMCCSD)
— the exact (full Cl) energy of state K in a basis set

— the exact (full Cl) wave function in a basis set

Kk (ma) — the generalized moments of coupled-cluster equations

MMCC _ p(A) MMCC
EK = EK +f$K




THE MMCC ENERGY FORMULA

(the ground-state problem, original formulation: P. Piecuch and K. Kowalski, 2000; the
excited-state extension within the original formulation: K. Kowalski and P. Piecuch, 2001)
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(P IH e ) |
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THE MMCC ENERGY FORMULA

(the ground-state problem, original formulation: P. Piecuch and K. Kowalski, 2000)

By = Z S (WolCoer(maa) M (ma) @)/ (Wole™ ™ @)

n=mai+l k=m, 41

Co(2) =1, C1(2) =T, C2(2) =To + {T%, C3(2) =TTz + T7, ete.

ALy

) . 3 . o 8 [ ) L {1y -
My (ma)|®) = E MR ma) | @),

'* (ma) ={ eneralized moments of CC equations,
5!;

for example, if m4 = 2 (the CCSD case),
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COMPLETELY RENORMALIZED CC METHOQODS (original formulation; P. Piecuch and
K. Kowalski, 2000; available in GAMESS; CCTYP=CR-CC, CR-CC(Q))

Eo(2,3) = ESCSP 4 (| My (2) @)/ (@o|eT +72| @)
Eo(2,4) = ESSP 4 (Wo| My (2) + [Ma(2) + T My (2)]|B)/ (Wole™ +72| @)
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1 j ke
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COMPLETELY RENORMALIZED CC METHOQODS (original formulation; P. Piecuch and
K. Kowalski, 2000; available in GAMESS; CCTYP=CR-CC, CR-CC(Q))

Ey(2,3) = ES©SP +@2}|¢}f{mﬂ|ﬂ@<— T, correction to CCSD

Ep(2,4) = Eg 0 + (Wo| M(2) + [Ma(2) + Ty Ms(2)]|@) /(Lo |e™ 2| @)
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COMPLETELY RENORMALIZED CC METHOQODS (original formulation; P. Piecuch and
K. Kowalski, 2000; available in GAMESS; CCTYP=CR-CC, CR-CC(Q))

Ey(2,3) = ESC5P +QWg| My (2)|@)/ (TpleT +T2| @ T, correction to CCSD

Eo(2,4) = ESSP 4 [wo| M5 (2) + [Ma(2) + T My (2)]| )/ (Wole™ 772 @)

T3+ T,
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COMPLETELY RENORMALIZED CC METHOQODS (original formulation; P. Piecuch and
K. Kowalski, 2000; available in GAMESS; CCTYP=CR-CC, CR-CC(Q))

Ey(2,3) = ESC5P +QWg| My (2)|@)/ (TpleT +T2| @ T, correction to CCSD

Eo(2,4) = ESSP 4 [wo| M5 (2) + [Ma(2) + T My (2)]| )/ (Wole™ 772 @)

T, + T,
correction to
CCSD
My@)9) = Y MeE(@)|e5), QE(2) = (@] (Hye™ ™) 8D
1 gk
a< b
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i fhkal
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Example: The CR-CCSD(T) approach
Uy — (14 T+ T + Ty + Z3)|®) + MBPT(2)-like

1
EER CCSD(T) _ Eccsn + NER_{T}KD{T]

NCR(T) = (0 5P| My (2)| @) = (B)(T3” + Z3) 1 M3 (2)|®)

DI[T}I _ {wffqrﬁfl T1+Tz|¢} :@(q,"r T1|"I-":|' + "‘m %TIH'I)}

+(®|(Ty" + Zs) (T T + LT7)|®)
(reduces to CCSD(T), when M3(2) — (VaTe)c and DTV — 1).
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Examples: Single bond breaking in F, and CH;F

(K. Kowalski and P. Piecuch, Chem. Phys. Lett., 2001; P. Piecuch et al., Int. Rev. Phys. Chem., 2002)
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Erergy (hartree)

Examples: Single bond breaking in F, and CH;F

(K. Kowalski and P. Piecuch, Chem. Phys. Lett., 2001; P. Piecuch et al., Int. Rev. Phys. Chem., 2002)
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e Multiple Bond Breaking [the MMCC(2,6) Method and the GMMCC(2,4)
Approach Using the Extended CCSD (ECCSD) Amplitudes]

(K. Kowalski and P. Piecuch, J. Chem. Phys., 2000; P. Piecuch et al., Int. Rev. Phys. Chem., 2002; 1.S.0. Pimienta, K. Kowalski, and P.
Piecuch, J. Chem. Phys., 2003; P. Piecuch et al., Theor. Chem. Acct., 2004; P.-D. Fan, K. Kowalski, and P. Piecuch, Mol. Phys., 2005)
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The newest generation of CR-CC corrections: the CR-CC(m,,mg) methods
(P. Piecuch and M. Wtoch, 2005; P. Piecuch et al., 2006, 2007)

@ ><CD\+Z Do S P |

Instead of =l iy <--<i, a,<--a,

P, |He™ @) (W, le" l(HeT‘A’)C\cD>
(Fole™ @) (@)
before exploiting the resolution of identity, introduce the ansatz:

N
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n=0
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The newest generation of CR-CC corrections: the CR-CC(m,,mg) methods
(P. Piecuch and M. Witoch, 2005; P. Piecuch et al., 2006, 2007)
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(| =(@|Le™, L= 'L, (®|L|D)=

1
n=0
<(D‘ @(HET(A)) ‘(I)> " exact, inde-
RS TR

E, = A[LPO] =




The newest generation of CR-CC corrections: the CR-CC(m,,mg) methods
(P. Piecuch and M. Wtoch, 2005; P. Piecuch et al., 2006, 2007)

@ ><CD\+Z Do S P |

Instead of =l iy <--<i, a,<--a,

P, |He™ @) (W, le" l(HeT‘A’)C\cD>
(Fole™ @) (@)
before exploiting the resolution of identity, introduce the ansatz:

(B = (@|Le ™, L=YL, (®|L|®)=1
n=0
D @(H T(A)) D ) exact, inde-
g, - L& (He ) >—<<I>\LI(HeT(’)C\d>>-ffu”r?ce£?o°§mA
(D‘ U > defining T®

E, = A[Y,] = <

BIORTHOGONAL @ ><(D‘+Z DO S @ |

MMCC EXPANSION \ Nl ij<--<i, 8, <-4,

No.a No,a

SN =E,—EM = > (o|LM, (m)]@)= > > b MEA(m,)

n=mpy+1 N=my+1i<--<i,a<--a,




Example: CR-CC(2,3)=CR-CCSD(T),, robust, size extensive T, correction to CCSD
[in GAMESS since February 2006 (closed-shells) and August 2007 (open-shells); CCTYP=CR-CCL]

Ey(2,3) = Eg™ +(Q|LM, () @) = Bg™ + - > Lo M (2) | = (@] (e 7))

abc
i< j<k,a<b<c




Example: CR-CC(2,3)=CR-CCSD(T),, robust, size extensive T, correction to CCSD
[in GAMESS since February 2006 (closed-shells) and August 2007 (open-shells); CCTYP=CR-CCL]

Ey(2,3) = Eg™ +(Q|LM, () @) = Bg™ + - > Lo M (2) | = (@] (e 7))

abc
i< j<k,a<b<c

(CCsD) —(CCSD)

T-To o TiH T Ty +T
—e 2Hel+2:(He1+2)C
| ~ L(CCSD) + L3, EO ~ EéCCSD)

(CCSD) abc\ plmn (CCSD) pijk
‘q)ljk >€def E ¢

<®nH
<®nH
(@ HT o)+ S (o [H

l<m<n,d<e< f
—(CCSD)

- E0<

(CCSD) ‘

®$>:Eﬂk

abc?

abc

ik (CCSD)

abc —

<(D ‘ L(CCSD) H

(Dﬁic>/( EéCCSD) —<CI)$C

o7)



Example: CR-CC(2,3)=CR-CCSD(T),, robust, size extensive T, correction to CCSD

[in GAMESS since February 2006 (closed-shells) and August 2007 (open-shells); CCTYP=CR-CCL]

Eo(23) =By 7 +(®[LM, (@) =B+ > CEME"(2) [ = (@] (Hye" ") |)

]
¥

abc
i< j<k,a<b<c

—(CCSD)

(@ILH = Eyf

(CCSD)

(@|LH | o) =E z';ic,

<CD ‘ L(CCSD) H 17 (CCSD) ‘ q)?}ic> n Z <q)def

l<m<n,d<e<f

1 (CCSD) abc (CCSD) abc
(Dijk >/(Eo _<(Dijk

H

(CCSD)‘

i H

abc —

<(D ‘ L(CCSD) H

(CCSD)‘

_ | cr-cc(2,3)]
S.A. Kucharski and R.J. Bartlett;

-T,-T T +T T +T
—@ 1T 2He" 2:(He1 2)C
| (CCsD) ~ [ (CCSD)

abc\ plmn (CCSD) pijk
(Dijk >€ def E ¢

abc

O3 )

Stanton and T.D. Crawford

A.G. Taube and R.J. Bartlett; J.F. @

K. Kowalski and P. Piecuch

CCSD(2);=CR-CC(2,3),A or B; CCSD(T),; R-CCSD(T), CR-CCSD(T), LR-CCSD(T)

S.R. Gwaltney and M. Head-Gordon; S. Hirata et al. @

CCSD(T) K. Raghavachari, G.W. Trucks, J.A. Pople,

and M. Head-Gordon

J

CCSD[T] M. Urban, J. Noga, S.J. Cole, and R.J. Bartlett




CR-CC(2,3) = CCSD(T)

E,(2,3) = ES) +

2 Lo M

lh<j<k,a<b<c

abc
1jk

(2)




CR-CC(2,3) = CCSD(T)

abc
< j<k,a<b<c

E)(23) =+ D LM (2)

”k (2) <(D3ic (CCS )‘

abc

O) => (D

ViT)c|®)




CR-CC(2,3) = CCSD(T)

Eo(23)=E™7+ D (s M{E(2)

abc
lh<j<k,a<b<c

M abc (CCS ) abc
ajbkc(z) <(I)Iji ‘(D> => <(Dijllz (VNTZ)C‘(D>
(3) (4) (2)
o = (@ (LEPTHES) o0 (LRI o 1 (LS RE). )/ D




CR-CC(2,3) = CCSD(T)

E)(23) =+ D LM (2)

abc
lh<j<k,a<b<c

(CCS ) ‘

O) => (D

M %, (2) = (@ H VyT,)c|®)

(3) (4) (2)

the = (@ [(Lf"”)H(CCSD’)Dw(M)DC (LSO H ) |wgir )/ DI

(TlJr VN )DC (TZJr VN )C




CR-CC(2,3)= CCSD(T)

abc
lh<j<k,a<b<c

Eo(23)=E™7+ D (s M{E(2)

ME@) = {02 R |0) = (0f|(V,T,)c|®)
(3) (4) (2)
£ = (@[ HE™) 4 <®“< doc + (L(CCSE HE )| @)/ Dl
4
(Ty" Vi) oc (T, Ve
D = EéCCSD)—<CDf}ﬁ° ﬁ(CCSD)‘(DﬁﬁC> => g +E +E —E,—& &




uk _

abc

CR-CC(2,3) = CCSD[T]=CCSD+T

Eo(23)=E;™7+ D (i M{E(2)

abc
lh<j<k,a<b<c

(CCS ) ‘

O) => (D

M %, (2) = (@ H VyT,)c|®)

—(CCSD) ahe |
[<>*<>DC * %) (L(CCSD) HE) e[ @)/ Dl
(T, V nJoc (T, V W
| —(CCSD) | abc
D¢ = E{“P) —<CD;"}ﬁC H ik > => & +EtE—E,—& —&




The CR-CC(2,3) method is more accurate than all other non-iterative triples CC methods
formulated to date. Example: potential energy curve of OH".

Ro-n
Method 0.77 0.87 092 0.96966° 1.0 1.07 1.27 1.50 1.75 2.00 2.25 2.50 3.00
Full CI -75.468511 75518758 -75.528442 -75.531783 -75.530756 -75.526756 -75.497668 -75.461721 -75.430711 -75.408175 -75.392615 -75.382311 -75.371727
CCSD 2,087 2.356 2.524 2714 2931 3.172 4424 6.508 9.487 12958 16674 20410  26.865
CCSDT 0.464 0.530 0562 0504 0.624 0.652 0.735 0.779 0.826 0.927 1.103 1.341 1.840
CCSD(T) 0.554 0.629 0.669 Q}.Tl[l) 0.752 0.794 0.938 0.931 0.278 -2.025 -1.905  -21.201 (108.982
CCSD(2)p 0.660 0.764 0.822 0.885 0.953 1.026 1.376 1.929 2.733 3.672 4611 5.301 5.827
o
CR-CCSD(T) e  0.338 0.398 0.425 ( 0.446 ) 0.464 0.479 0.501 0.458 0.435 0.618 0.955 1.179 ( 0.701 b
1 — —
CR-CC(2,3) ' ' ' ' ' ' ' '
~199.16 |- 1
_____ ©
-199.18 - e—o CCSD 1
= CCSDT
B—8& CR-CCSD(T)
~195.20 + &—=a CR-CCSD(T), g
Another g Coem
=
example ... £ [ 1 e y CR-CCSD()
; - : 2
£ 1924 f A Forrrr——— v
T F./lcc-pVTZ |
\A\A"J‘».
-199.28 - ?‘-'--w---___7_____ - 1
CCSD(T) N
-199.30 - : ' : : : -
10 20 30 40 50 60 70 8.0

R (Angstrom)



Thermal Stereomutations of Cyclopropane

(A. Kinal, P. Piecuch, M.J. McGuire, and M. Wtoch, in preparation)

H3
P 1.100
- = (1.105)
5 d 1.081 1.105 1.495

trans-1 trans-1' (11 ggg ) [1.102] (11333) MRCI
5 H1  [1.091] 1.532 (CR-CCSD(T))
— = “He CR-CC(2,3)A
D D =y
cis-1 cis-1 (ﬁ?go H4 121.6° 1.081 [CCSD(T)]
. fToser — (122.09 (1.087)
/ \ / H2 121.9° g 1.088
s S - ) S [120.87] [1.088]
wrans.1 D D <1 D Oria-c1-co-ca= 0.0°(0.0%) 0.0°[0.0] . . .
o Pus.ca.cac = 00° (0.0°) 0.0°[0.0] Trimethylene biradical (TS1)
vib mode MRCI (Isborn et al., 2004)  [CR-CCSD(T) CR-CC(2,3) CCSD(T)
1 139i 129i 122i 4111
2 61 147 161 157i
3 278 334 340 168
4 361 362 358 238
21 3361 3282 3270 3255
Av. Y%ErT. 4.2 4.1 9.4

MRCI(Q) CR-CCSD(T) Experiment
AHgeom’ 59.7 67.8 63.6 + 0.5

CR-CC(2,3) : 63.3 kcal/mol



The Conrotatory and Disrotatory Isomerization Pathways of
Bicyclo[1.1.0]butane to Butadiene

(A. Kinal and P. Piecuch, J. Phys. Chem. A, 2007; J.J. Lutz and P. Piecuch, J. Chem. Phys., 2008)

CR-CC(2,3)

AHZ, =66.1

[ 2
con_ TS
P, _

AHZ =411

con

bicyclo[1.1.0]butane

Biradical character of dis_ TS = 90%
Biradical character of con TS =24%

butadiene

CCSD(T)

The conrotatory
pathway

¥

bicyclo[1.1.0]butane

'
<
& dis TS

$e |[AH” =404
k con_T8S
The disrotatory
AH; =218 palbay

393

butadiene

Physical pathway: CONROTATORY

The experimental activation energy is 40.6 + 2.5 kcal/mol




Kinetic Modeling of JP-10 (exo-Tetrahydrodicyclopentadiene) High-Temperature
Oxidation: Role of Biradical Species in Initial Decomposition Steps

[G.R. Magoon, J. Aguilera-lparraguirre, W.H. Green, J.J. Lutz, P. Piecuch,
H.-W. Wong, and 0.0. Oluwole, Int. J. Chem. Kin., 2012]
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Kinetic Modeling of JP-10 (exo-Tetrahydrodicyclopentadiene) High-Temperature
Oxidation: Role of Biradical Species in Initial Decomposition Steps

[G.R. Magoon, J. Aguilera-lparraguirre, W.H. Green, J.J. Lutz, P. Piecuch,
H.-W. Wong, and 0.0. Oluwole, Int. J. Chem. Kin., 2012]
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a) TSIA (b) TSIB (c) TSIC
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—CR-CC(2,3) -50 | i
-55
-60 _65 _l

i i " * "

-75 | ee o m— .
Intrinsic reaction coordinate (amu'/2-Bohr) Intrinsic reaction coordinate (amu'/*-Bohr) Intrinsic reaction coordinate (amu'/*-Bohr)




THE MMCC ENERGY FORMULA FOR EXCITED STATES
(original formulation; K. Kowalski and P. Piecuch, 2001; biorthogonal extension,
P. Piecuch et al., 2006, 2009)

(A) (A) B
By = (U, [HRDeT|0) /(W | RV e | @) 5 = E, — B

Z S (WalCoslma) My ()|} /(| RO )

n=ma+1 k=my4+1

o 11...0n a .. q%nq. oo
My n(ma) = E Mo an (ma) a @ A, iy [ Mmcc(2,3), MMCC(2,4),
CR-EOMCCSD(T), etc.

11 < e < iy
] < an
CR-EOMCC(2,3), CR-
mi}afna (ma) = <(1)f11 &”!(H(A)R(A))!@ EOMCC(2,4), etc.
(W] = (B|.Z, e
NA,;}. Na e

O = D AP L Myn(ma)|®) = ) Z O, M, (ma)
n:nlA—i_l "= mA+1 il - < in

ay < --- < apn




ADIABATIC EXCITATIONS IN CH, CNC, C,N: COMPARISON WITH EOMCCSDT & EA-

EOMCCSD(3p-2h)
CH | [Piecuch, Gour, Wioch, IJQC (2009)]
State Theory E/Hartree T./eV REL State Theory E/Hartree T./eV REL
B 2Y~ EOMCCSD -38.228 924 4.241 1.79 C 22+ EOMCCSD -38.194 213 5,185 1.87
EOMCCSDT? -38.267 435 3.273 EOMCCSDT? -38.238 031 4.073
EA-EOMCCSD(2p-1h) -38.160 687 6.105 EA-EOMCCSD(2p-1h) -38.180 332 5.570
EA-EOMCCSD(3p-2h) -38.262 600 3.377 EA-EOMCCSD(3p-2h) -38.236 024 4.100
EA-EOMCCSD(3p-2h){3} -38.261 677 3.357 EA-EOMCCSD(3p-2h){3} -38.234 680 4.092
CR-EOMCCSD(T),ID* -38.270 424 3.181 CR-EOMCCSD(T),ID* -38.236 048 4.117
CR-EOMCC(2,3),A -38.257 269 3.529 CR-EOMCC(2,3),A -38.224 449 4.422
CR-EOMCC(2,3),B -38.255 709 3.569 CR-EOMCC(2,3),B -38.222 634 4.469
CR-EOMC(C(2,3),C -38.272 744 3.123 CR-EOMC(C(2,3),C -38.235 514 4.055
CR-EOMCC(2,3),D -38.272 498 3.130 CR-EOMCC(2,3),D -38.238 118 4.065

Experiment d 3.23 Experiment® 3.94




ADIABATIC EXCITATIONS IN CH, CNC, C,N: COMPARISON WITH EOMCCSDT & EA-

EOMCCSD(3p-2h)
CH | [Piecuch, Gour, Wioch, IJQC (2009)]
State Theory E/Hartree T./eV REL State Theory E/Hartree T./eV REL
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CR-EOMCC(2,3),D -38.272 498 3.130 CR-EOMCC(2,3),D -38.238 118 4.065

Experiment d 3.23 Experiment® 3.94




ADIABATIC EXCITATIONS IN CH, CNC, C,N: COMPARISON WITH EOMCCSDT & EA-

EOMCCSD(3p-2h)
CH | [Piecuch, Gour, Wioch, IJQC (2009)]
State Theory E/Hartree T./eV REL State Theory E/Hartree T./eV REL
B2~ |EOMCCSD (> 1eVerror) -38.228 924 4.241 1.79 C 22+ EOMCCSD (>1eVerror) -38.194 213 5.185 1.87
EOMCCSDT? -38.267 435 3.273 (<0.1 eV error) EOMCCSDT? -38.238 031 4.073
EA-EOMCCSD(2p-1h) -38.160 687 6.105 EA-EOMCCSD(2p-1h) -38.180 332 5.570
EA-EOMCCSD(3p-2h) -38.262 600 3.377 EA-EOMCCSD(3p-2h) -38.236 024 4.100
EA-EOMCCSD(3p-2h){3} -38.261 677 3.357 EA-EOMCCSD(3p-2h){3} -38.234 680 4.092
CR-EOMCCSD(T),ID* -38.270 424 3.181 CR-EOMCCSD(T),ID* -38.236 048 4.117
CR-EOMCC(2,3),A -38.257 269 3.529 CR-EOMCC(2,3),A -38.224 449 4.422
CR-EOMCC(2,3),B -38.255 709 3.569 CR-EOMCC(2,3),B -38.222 634 4.469
CR-EOMC(C(2,3),C -38.272 744 3.123 CR-EOMC(C(2,3),C -38.235 514 4.055
CR-EOMCC(2,3),D -38.272 498 3.130 CR-EOMCC(2,3),D -38.238 118 4.065

Experiment d 3.23 Experiment® 3.94




ADIABATIC EXCITATIONS IN CH, CNC, C,N: COMPARISON WITH EOMCCSDT & EA-
EOMCCSD(3p-2h)

CH | [Piecuch, Gour, Wioch, IJQC (2009)]
State Theory E/Hartree T./eV REL State Theory E/Hartree T./eV REL
B2~ |EOMCCSD (> 1eVerror) -38.228 924 4.241 1.79 C 22+ EOMCCSD (>1eVerror) -38.194 213 5.185 1.87
EOMCCSDT? -38.267 435 3.273 (<0.1 eV error) EOMCCSDT? -38.238 031 4.073
EA-EOMCCSD(2p-1h) -38.160 687 6.105 EA-EOMCCSD(2p-1h) -38.180 332 5.570
EA-EOMCCSD(3p-2h) -38.262 600 3.377 EA-EOMCCSD(3p-2h) -38.236 024 4.100
EA-EOMCCSD(3p-2h){3} -38.261 677 3.357 EA-EOMCCSD(3p-2h){3} -38.234 680 4.092
CR-EOMCCSD(T),ID* -38.270 424 3.181 (~0.1eV error) CR-EOMCCSD(T),ID¢ -38.236 048 4.117
CR-EOMCC(2,3),A -38.257 269 3.529 CR-EOMCC(2,3),A -38.224 449 4.422
CR-EOMCC(2,3),B -38.255 709 3.569 CR-EOMCC(2,3),B -38.222 634 4.469
CR-EOMCC(2, 3) -38.272 744 3.123 CR-EOMCC(2, 3) -38.235 514 4.055
CR-EOMCC(2,: -38.272 498 3.130 (<0.1 eV error) CR-EOMCC(2,: -38.238 118 4.065

Experiment? 3.23 Experiment® 3.94




ADIABATIC EXCITATIONS IN CH, CNC, C,N: COMPARISON WITH EOMCCSDT & EA-
EOMCCSD(3p-2h)

CH | [Piecuch, Gour, Wioch, IJQC (2009)]
State Theory E/Hartree T./eV REL  State Theory E/Hartree Te/eV REL
B 2%~ |EOMCCSD (> 1eVerror) -38.228 924 4.241 1.79 C 2x+ EOMCCSD (>1eVerror) -38.194 213 5.185 1.87
EOMCCSDT? -38.267 435 3.273 (<0.1 eV error) EOMCCSDT? -38.238 031 4.073
EA-EOMCCSD(2p-1h) -38.160 687 6.105 EA-EOMCCSD(2p-1h) -38.180 332 5.570
EA-EOMCCSD(3p-2h) -38.262 600 3.377 EA-EOMCCSD(3p-2h) -38.236 024 4.100
EA-EOMCCSD(3p-2h){3} -38.261 677 3.357 EA-EOMCCSD(3p-2h){3} -38.234 680 4.092
CR-EOMCCSD(T),ID®  -38.270 424 3.181 (~0.1eV error) CR-EOMCCSD(T),ID¢  -38.236 048 4.117
CR-EOMCC(2,3),A -38.257 269 3.529 CR-EOMCC(2,3),A -38.224 449 4.422
CR-EOMCC(2,3),B -38.255 709 3.569 CR-EOMCC(2,3),B -38.222 634 4.469
CR-EOMC((2,3),C -38.972 744 3.123 CR-EOMC((2,3),C -38.238 514 4.055
CR-EOMCC(2,3),D -38.272 498 3.130 (<0.1eV error) CR-EOMCC(2,3),D -38.2358 118 4.065
Experiment? 3.23 Experiment® 3.94
CNC, CoN e e 0 e e iy
EA-EOMCCSD CR-EOMCC(2,3)

Molecule State REL (2p-1h) (3p-2h) (3p-2h){4} EOMCCSD CR-EOMCCSD(T),ID A B C D Experiment”

CNC AZA, 1.099 7206 4.105 4.085 4.291 4.339 4.400 4.397 4.395 4.395 3.761
B2Yt 1.979 7.639 4.718 4.704 7.123 4.675 5.432 5.595 4.582| 4.599 4.315

CaN AZA 1.090 6.190 3.055 3.028 3.191 3.344 3.377 3.368 3.389 3.388 2.636
B?Y~ 1.856 7.856 3.677 3.648 5.514 3.351 4.018 4.160 3.091 3.110 2.779

C 2%t 1.897 6.722  3.809 3.788 6.358 4.023 4.741 4.901 3.799| 3.824 3.306




Completely renormalized CC/EOMCC methods can offer great help ...
but there are situations where this is not sufficient ...

Example: excited states of metallic clusters (Be,)
(K. Kowalski et al., J. Chem. Phys. 2005, P. Piecuch et al., Int. J. Quantum Chem., 2006)

State Full I EOMCCSD CR-EOMCCSDT)

X 1A) 43882330 43864004 -43.873110
1'EY 167 (8) 1.718 1.647
114) 178 (D)

L1E  2048) 2122 1.985
21EY 261 (D)

ZTE 268 (D) 9316 3052
114,  280(8) 2032 2,700
2l4 201(8) 3020 2 306
31EY 304 (D) 4232 3546
31E 308 (D) 4823 3.338
114 216 (S,D) 2003 2.358
214 331 (D) 5271 2,601
A'E' 348 (D) 4570 3.633
314 364(D) 4035 4.033
A1EY 300(D) 5286 3.054
alal 200(8D) 424 2.801
2147 412(D) 5095 4.384

Av. errors (eV): 1.33 0.20



ACTIVE-SPACE CC/EOMCC APROACHES FOR QUASI-DEGENERATE STATES
(CCSDt, CCSDtq, EOMCCSDt, etc.)

[~ state-selective MRCC methods exploiting a single-reference formalism]

[Key concepts: Oliphant and Adamowicz, 1991; Piecuch, Oliphant, and Adamowicz, 1993; Piecuch and Adamowicz, 1994;
Piecuch, Kucharski, and Bartlett, 1999; Kowalski and Piecuch, 2000-2001; Gour, Piecuch, and Witoch, 2005-2006; Shen and
Piecuch, 2013-2014; cf., also, CASCC work by Adamowicz et al.]

virtual (a,b,c,d,...)

unoccupied (a,b, ¢, d,...)

active (A,B,C,D,..)
active (I,J, K. L,...)

occupied (i, j, k,l,...)
core (i,j,k,1,...)

|‘I’} — ET|¢"}, T = Tint + JI-J-E:-:t] [Tintjiﬂe}:t] — D
1B) = 77|y, |Dint) = 7| ) <mmmm (CAS)

T — nondynamic correlation, 7% — dynamic correlation
(long-range correlations) (short-range correlations)



REPRESENTATIVE APPROXIMATIONS:
CCSDt OR SSMRCCSD(T) AND EOMCCSDt

Tint - Tlint +Tént + Tént: Text _ T-f_xt +T§xt + T-;xt[ ﬂiig )
TOOSPE — Ty 4 Ty + T3 fii? ), REPPY = Ry o+ Ry + Ria + R al fi?? )

_ Hss Hsp Hsq .
HCCSDE Hps Hpp Hps . H= e T He! = (HET)E
His Hip Hy

Other approximations: SSMRCCSD(TQ) or CCSDtq, EOMCCSDtq, etc.

Because of the use of active orbitals, the numbers of t, q, ... excitations
are small fractions (~10-30 %) of all T, Q, ... excitations.

The most expensive CPU steps of (EOM)CCSDt and (EOM)CCSDtq scale
as ~N,N,n,?n,4 and ~N,2 N2 n,%n 4, respectively.




EXAMPLE: Bond breaking in F,

(K. Kowalski and P. Piecuch, Chem. Phys. Lett., 2001,
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EXAMPLE: Bond breaking in F,

(K. Kowalski and P. Piecuch, Chem. Phys. Lett., 2001,
P. Piecuch et al., Chem. Phys. Lett., 2006)

Potential energy curves for F,/cc-pVDZ. Differences with CCSDT (in millihartree)

Method 0.75R, R, L.25R, L3R, L75R, 2R, 3R, A
CCSDT —198.922138  -199.102796  —199.085272  -199.065882  —199.059433  —199.058201 ~ —199.058511  —199.038586
CCSD 4.504 0.485 19.917 3244 41.184 43.638 49.425 49.816
CCSD(TY* 0.102 0.248 -0.503 =571 -15.133 -23.59 -33.700 -39.348
CR-CCSD(T* 0.709 1.799 4.482 7408 8.636 8.660 7460 6.350
LR-CCSD(T)" 0.540 1.260 2.801 3.601 2465 0.693 -2.8%9 -4518
CCSD(2)y* 0.460 .398 3.098 5,984 6.637 6.357 4.976 3.893
CR-CC(2,3) -0.289 -0.240 0.707 1733 1971 1.862 1.643 1613

CCSDt* 2,677 2.297 1.907 1.720 1.730 1.789 1.839 .39




EXAMPLE: Bond breaking in F,

(K. Kowalski and P. Piecuch, Chem. Phys. Lett., 2001,
P. Piecuch et al., Chem. Phys. Lett., 2006)

Potential energy curves for F,/cc-pVDZ. Differences with CCSDT (in millihartree)

Method 0.75R, R, L.25R, L3R, L75R, 2R, 3R, A NPE
CCSDT —198.922138  -199.102796  —199.085272  -199.065882  —199.059433  —199.058201 ~ —199.058511  —199.038586

CCSD 4.504 0.485 19.917 3244 41.184 43.638 49.425 £9816  45.312
CCSD(TY* 0.102 0.248 -0.503 =571 -15.133 -23.59 -33.700 -39.388  39.596
CR-CCSD(T* 0.709 1.799 4.482 7408 8.636 8.660 7460 630 7.951
LR-CCSD(T)" 0.540 1.260 2.801 3.601 2465 0.693 -2.8%9 -4518  8.119
CCSD(2)y* 0.460 .398 3.098 5,984 6.637 6.357 4.976 3895 6.177
CR-CC(2,3) -0.289 -0.240 0.707 1733 1971 1.862 1.643 1613 |2.260

CCSDt* 2,677 2.297 1.907 1.720 1.730 1.789 1.839 1.891 ]0.957




Energy (hartree)

Ground and excited states of Bey
(K. Kowalski et al., J. Chem. Phys. 2005, P. Piecuch et al., Int. J. Quantum Chem., 2006)

State  Full 01 EOMOCSD CR-EOMCCSD(T) EOMCCSDH

~43.850 X 14! -43.8R2330 43864004 43 E73110 -43.279340
1YE" 167 (8) 1718 1.647 1 658
1147 178 (D) 1577
11E. 204 (8) 2122 1 083 2 031
—43.855 21E" 241 (D) 2 683
2R’ 2.68 (D) 0315 3.032 2,708
i \ 1140 289 (8) 2032 2700 271
214 201 (8) 4,020 3 506 2047
—43.860 3 IEY 304 (D) 4230 3.546 3118
] ;,}.-" —-—- CCSD(T) 31E 308 (D) 4823 3,938 3247
[ 3 :' ----- CCSDt(l) 147 216(S,D)  3.903 3.358 3.902
3 fr{f 214" 331 (D) 5201 3601 3.430
IRERal N l 4'E'  348(D) 4570 3,633 3541
\Mj:;.f 3140 364 (D) 4935 4033 9846
"-1 _)..-f' 41EY 300 (D) 5286 3,954 4018
O 3l4’ 200(3D) 4244 3801 4112
40 50 60 70 80 90 100 2147 412(D) 5.995 4.334 4183

Be-Be Distance (bohr)
Average errors (eV): 1.33 0.20 0.08



Radicals via the active-space electron-attached (EA) and ionized (IP) EOMCC

(J.R. Gour, P. Piecuch, and M. Wioch, J. Chem. Phys., 2005; Int. J. Quantum Chem., 2006, J.R. Gour and P. Piecuch, J.
Chem. Phys., 2006; Piecuch et al., 2007-2011)

(HN open RS D (CCSDH) )| @) = w,, WFVRNED(CCSDL)| )

R}E‘J—Fl:‘ {CCSD'IL] = R#-]-P -+ RF*-EP' 1h
RN=D(CCSDY) = Ryah + R 12

where
P, 3p-2h = E F@gi’ HAaba‘:aAaj
=k A<bse
FIFﬂ-Eh‘EP — E i'(%fﬂ-bﬂ-cﬂ.kﬁj (y.
[=i=kb<c
® —— 4o {Active Spacé do——— |
B /\ -- @ -o/(vireatlng
Creating  i-z:zz77./%.% eI @I oYy
CH
—o—o— —o—o—
7o i (CCTYP=EA-
——0— 5 26 —@—@— EOM3A and
oo IP-EOM3A,
lo lo——&— respectively,

CH* OH- in GAMESS)



Adiabatic Excitation Energies of CH (in eV)

CCSD/ ccsDT/ EA-EOM

State EOMCCSD EOMCCSDT CCSD(2p-1h) CCSD(3p-2h) CCSDt MRCI(Q) Exp.
aug-cc-pV'1T7Z

X 211 -38.409 320 -38.413 493 -38.409 823 -38.412 070 -38.409 413 -38.413 811

aiy— 1.03 0.74 2.661 0.743 0.704 0.718 0.74
AZ2A 3.28 2.94 5.120 2.964 2.931 2.911 2.87
B2y~ 4.62 3.27 6.453 3.393 3.359 3.251 3.23
C 2yt 5.48 4.03 5.815 4.053 4.040 3.980 3.94
ang-cc-pVQZ

X 21 -38.415 848 - -38.416 559 -38.418 732 -38.415 905 -38.420 576

a*y— 1.06 - 2.741 0.766 0.724 0.741 0.74
AZA 3.27 - 5.181 2.952 2.917 2.896 2.87
B2y - 4.67 - 6.538 3.390 3.355 3.245 3.23
C 2yt 5.52 - 5.878 4.037 4.021 3.962 3.94

Timings in Multiples of the EA-EOMCCSD(2p-1h) Time

Method

aug-cc-pVTZ

aug-cc-pVQZ

EA-EOMCCSD(3p-2h)
EA-EOMCCSDt
EOMCCSD

61.42

56.42
3.45
1.19

_ n02nu5
-..Nu nOZnu4

~n02nu4

Active orbitals in
EA-EOMCCSDt:

in,, 1n,, 4c



Adiabatic Excitation Energies of CH (in eV)

CCSD/ CCsDT/ EA-EOM
State EOMCCSD EOMCCSDT CCSD(2p-1h) CCSD(3p-2h) CCSDt MRCI(Q)  Exp.
aug-cc-pV'1T7Z
X 21 -38.409 320 -38.413 493 -38.409 823 38412 070 -38.409 413 -38.413 811
ady- 1.03 0.74 2.661 0.743 0.704 0.718 0.74
A2A 3.28 2.94 5.120 2.964 2.931 2.911 2.87
B2y~ 4.62 3.27 6.453 3.393 3.359 3.251 3.23
C 2yt 5.48 4.03 5.815 4.053 4.040 3.980 3.94
ang-cc-pVQZ
X 211 -38.415 848 - -38.416 559 38418 732 -38.415 905  -38.420 576
ady— 1.06 - 2.741 0.766 0.724 0.741 0.74
AZA 3.27 - 5.181 2.952 2.917 2.896 2.87
B2y~ 4.67 - 6.538 3.390 3.355 3.245 3.23
C 2yt 5.52 - 5.878 4.037 4.021 3.962 3.94
Timings in Multiples of the EA-EOMCCSD(2p-1h) Time
Method aug-cc-pVTZ aug-cc-pVQZ
EA-EOMCCSD (3p-2h) 61.42 56.42 ~n 2,5
EA-EOMCCSDt 5.57 3.45 ~N,n,2n,* Active orbitals in
EOMCCSD 1.00 1.19 ~n.2n 2 EA-EOMCCSDU

in,, 1n,, 4c




Adiabatic Excitation Energies of CH (in eV)

CCSD/ CCsSDT/ EA-EOM

State EOMCCSD EOMCCSDT  CCSD(2p-1h)  CCSD(3p-2h) CCSDt MRCI(Q)  Exp.
aug-cc-pV'1T7Z

X 21 -38.409 320 -38.413 493 -38.409 823 -38.412 070 -38.409 413  -38.413 811

ady- 1.03 0.74 2.661 0.743 0.704 0.718 0.74
A2A 3.28 2.94 5.120 2.964 2.931 2.911 2.87
B2y~ 4.62 3.27 6.453 3.393 3.359 3.251 3.23
C 2yt 5.48 4.03 5.815 4.053 4.040 3.980 3.94
ang-cc-pVQZ

X 21 -38.415 848 - -38.416 559 238,418 732 -38.415 905 -38.420 576

a s~ 1.06 - 2.741 0.766 0.724 0.741 0.74
AZA 3.27 - 5.181 2.952 2.917 2.896 2.87
B2y - 4.67 - 6.538 3.390 3.355 3.245 3.23
C2xt 5.52 - 5.878 4.037 4.021 3.962 3.94

Timings in Multiples of the EA-EOMCCSD(2p-1h) Time

Method aug-cc-pVTZ aug-cc-pVQZ
EA-EOMCCSD(3p-2h) 61.42 56.42 ~ny,2n,>
EA-EOMCCSDt 5.57 3.45 ~N,n2n,*
EOMCCSD 1.00 1.19 ~n,2n,*

Active orbitals in
EA-EOMCCSDt:
in,, 1n,, 4c



Adiabatic Excitation Energies of CH (in eV)

CCSD/ CCsSDT/ EA-EOM

State EOMCCSD EOMCCSDT  CCSD(2p-1h)  CCSD(3p-2h) CCSDt MRCI(Q)  Exp.
aug-cc-pV'1T7Z

X 21 -38.409 320 -38.413 493 -38.409 823 -38.412 070 -38.409 413  -38.413 811

ady- 1.03 0.74 2.661 0.743 0.704 0.718 0.74
A2A 3.28 2.94 5.120 2.964 2.931 2.911 2.87
B2y~ 4.62 3.27 6.453 3.393 3.359 3.251 3.23
C 2yt 5.48 4.03 5.815 4.053 4.040 3.980 3.94
ang-cc-pVQZ

X 21 -38.415 848 - -38.416 559 238,418 732 -38.415 905 -38.420 576

a s~ 1.06 - 2.741 0.766 0.724 0.741 0.74
AZA 3.27 - 5.181 2.952 2.917 2.896 2.87
B2y - 4.67 - 6.538 3.390 3.355 3.245 3.23
C2xt 5.52 - 5.878 4.037 4.021 3.962 3.94

Timings in Multiples of the EA-EOMCCSD(2p-1h) Time

Method aug-cc-pVTZ aug-cc-pVQZ
EA-EOMCCSD(3p-2h) 61.42 56.42 ~ny,2n,>
EA-EOMCCSDt 5.57 3.45 ~N,n2n,*
EOMCCSD 1.00 1.19 ~n,2n,*

Active orbitals in
EA-EOMCCSDt:
in,, 1n,, 4c



Adiabatic Excitation Energies of CH (in eV)

CCSD/ CCsSDT/ EA-EOM

State EOMCCSD EOMCCSDT  CCSD(2p-1h)  CCSD(3p-2h) CCSDt MRCI(Q)  Exp.
aug-cc-pV'1T7Z

X 21 -38.409 320 -38.413 493 -38.409 823 -38.412 070 -38.409 413  -38.413 811

ady- 1.03 0.74 2.661 0.743 0.704 0.718 0.74
A2A 3.28 2.94 5.120 2.964 2.931 2.911 2.87
B2y~ 4.62 3.27 6.453 3.393 3.359 3.251 3.23
C 2yt 5.48 4.03 5.815 4.053 4.040 3.980 3.94
ang-cc-pVQZ

X 21 -38.415 848 - -38.416 559 238,418 732 -38.415 905 -38.420 576

a s~ 1.06 - 2.741 0.766 0.724 0.741 0.74
AZA 3.27 - 5.181 2.952 2.917 2.896 2.87
B2y - 4.67 - 6.538 3.390 3.355 3.245 3.23
C2xt 5.52 - 5.878 4.037 4.021 3.962 3.94

Timings in Multiples of the EA-EOMCCSD(2p-1h) Time

Method

aug-cc-pVTZ

aug-cc-pVQZ

EA-EOMCCSD(3p-2h)
EA-EOMCCSDt
EOMCCSD

61.42 56.42
5.57 3.45
1.00 1.19

_ n02nu5
-..Nu nOZnu4

~n02nu4

Active orbitals in
EA-EOMCCSDt:
in,, 1n,, 4c



Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

M. Nooijen and R.J.

Bartlett, 1997; M.

Nooijen, 2002; K.W.

Sattetmeyer, H.F.
Schaefer lll, and
J.F. Stanton, 2003;
M. Musiat, R.J.
Bartlett, et al.,
2011-2013; T. Kus
and A.l. Krylov,
2011-2012; ...

RELN+2){Nu-} — R;L,Q*p + R,u,3p-1h + I'w.4p-2h

(N 2){NO} Rﬁ' o + Rp_r, 3h-1p + Fi4n-2p

kl A B c d
I Ap-2h = § | FABeq(L) a7 a” aaajay,
k‘->l,A<B<c<d
IJM d
Ty Ah-2p = E () a“a“ajapayay

I>I>k>l.c<d



Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

N+2
M. Nooijen and R.J. REL ™ ){Nu} = R{g,,Qp + Ry,,f}p-lh, + I'w.4p-2h
Bartlett, 1997; M.
NOOijen, 2002; K.W. N—9
Sattetmeyer, H.F. RL ){NO} = R, on + Ry 3n-1p + Tpan-2p
Schaefer lll, and
J.F. Stanton, 2003;

M. Musiat, R.J. — kel A B c d
BartI:ttI, et al., Fp,ap-2h = Z rrABcd(lu’) a a4 aa aag
2011-2013; T. Kus k>, A<B<c<d

and A.l. Krylov, IJk[ p

2011-2 D —

—— Fp,dh-2p = E ca (1) a“a“aarayay

I>I>k>l.c<d

Example: Singlet-triplet gap in trimethylenemethane (TMM)

H H
S e
\C 1‘*97;;\'{_“,--{121_54
Bias | 13028 12“2 2090 | |13334 — b,
H\\ /CRC/H -\ / *523 0? _tT _1_: H H
o 10744 la/e b fe
1.0755 120.00 T z |
1.0749 | 121.24
H

1.0744 _f_}_ Ibfa,"
H H H
E..=106.2361

na™106.2361 E,.,=105.6092 5%—5
D, symmefry

C,, symmetry, planar
GA; |A1




Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

N+2
M. Nooijen and R.J. REL ™ ){Nu} = R{g,,Qp + Ry,,f}p-lh, + I'w.4p-2h
Bartlett, 1997; M.
NOOijen, 2002; K.W. N—9
Sattetmeyer, H.F. RL ){NO} = R, on + Ry 3n-1p + Tpan-2p
Schaefer lll, and
J.F. Stanton, 2003;

M. Musiat, R.J. — kel A B c d
BartI:ttI, et al., Fp,ap-2h = Z rrABcd(lu’) a a4 aa aag
2011-2013; T. Kus k>, A<B<c<d

and A.l. Krylov, IJk[ p

2011-2 D —

—— Fp,dh-2p = E ca (1) a“a“aarayay

I>I>k>l.c<d

Example: Singlet-triplet gap in trimethylenemethane (TMM)

H H H H %—9
\\C/ 1‘07;;5\0-421_54 nozﬂu6

i | 13925 12090 | |

13384 — b/’
12120 120.42 ? DEA: TMM2*
H ,C'“w. H 1.4526 X x
\f/ E\C/ \T/ \ : 0?44 la/e" b, fe" H
121.24

10785 2000 |
1.0744 Ib /o

1.0749
H H H H

E..=106.2361

a=100.2361 E,..=105.6092 5%—5
D, symmefry

C,, symmetry, planar
GA; |A1




M. Nooijen and R.J.

Bartlett, 1997; M.

Nooijen, 2002; K.W.

Sattetmeyer, H.F.
Schaefer lll, and
J.F. Stanton, 2003;
M. Musiat, R.J.
Bartlett, et al.,
2011-2013; T. Kus
and A.l. Krylov,
2011-2012; ...

Biradicals via the active-space DEA- and DIP-EOMCC

(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

R;(LN+2){Nu} — RM,Q}”) + R,u,,f}p-lh,

Rfjv_z){NO} — R;L,Qh + R;L,Sh-lp + V', Ah-2p

Ty dp-2h =

2

k>, A<B<c<d

T Ah-2p =

2

I>I>k>l.c<d

A B ¢ d

T‘.d(,u,)a, a”aa”ayag

IJkZ

cq (1) @ ad@z@k agyar.

Example: Singlet-triplet gap in trimethylenemethane (TMM)
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Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

N+2
M. Nooijen and R.J. REL ™ ){Nu} = R{g,,Qp + Ry,,f}p-lh, + I'w.4p-2h
Bartlett, 1997; M.
NOOijen, 2002; K.W. N—9
Sattetmeyer, H.F. RL ){NO} = R, on + Ry 3n-1p + Tpan-2p
Schaefer lll, and
J.F. Stanton, 2003;

M. Musiat, R.J. — kel A B c d
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2011-2013; T. Kus k>, A<B<c<d

and A.l. Krylov, IJk[ p

2011-2 D —

—— Fp,dh-2p = E ca (1) a“a“aarayay

I>I>k>l.c<d

Example: Singlet-triplet gap in trimethylenemethane (TMM)
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Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

N+2
M. Nooijen and R.J. REL ™ ){Nu} = R{g,,Qp + Ry,,f}p-lh, + I'w.4p-2h
Bartlett, 1997; M.
NOOijen, 2002; K.W. N—9
Sattetmeyer, H.F. RL ){NO} = R, on + Ry 3n-1p + Tpan-2p
Schaefer lll, and
J.F. Stanton, 2003;

M. Musiat, R.J. — kel A B c d
BartI:ttI, et al., Fp,ap-2h = Z rrABcd(lu’) a a4 aa aag
2011-2013; T. Kus k>, A<B<c<d

and A.l. Krylov, IJk[ p

2011-2 D —

—— Fp,dh-2p = E ca (1) a“a“aarayay

I>I>k>l.c<d

Example: Singlet-triplet gap in trimethylenemethane (TMM)

H H H I %—9
\\C/ 1‘07;;\'.0..421_54

i | 13925 12090 | |

1.3384 — 3ba”
121.20 c H 12042
Lo 14526
N VSN / T Vi = H

C : 0?44 la,/e" 2b /" . 2.
2000 DIP: TMM
1.0749 | 121 24 1.0744 —f—,}- 1b,/a,"

H H H H n,n 4

E..=106.2361

na™106.2361 E,.,=105.6092 5%—5
D, symmefry

C,, symmetry, planar
GA; |A1




Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

N N+2 _
M. Nooijen and R.J. REL ){Nu} = ngp + R,u,,f}p-lh, + ru,llp-Qh
Bartlett, 1997; M.

Nooijen, 2002; K.W. R(N_Q) N o R R
Sattetmeyer, H.F. m { o} — Ly, 2h + p,3h=1p +

Schaefer Ill, and
J.F. Stanton, 2003;

M. Musiat, R.J. — E : kl A B c d
BartI:ttI, et al., Fpdp-2h = rrABcd(lu’) a a a a aag
2011-2013; T. Kus k>, A<B<c<d

and A.l. Krylov, | p

2011-2012; ... _ E : 7&:} c

0 0 r;t,,4h-2p — cd (IU’) a a apapayar.

I>I>k>l.c<d

Example: Singlet-triplet gap in trimethylenemethane (TMM)
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Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Method AFs_7
DEA-EOMCC(3p-1h) 20.9
DEA-EOMCC(4p-2h){3}° 18.9
DIP-EOMCC(3h-1p) 22.0
DIP-EOMCC(4h-2p){3}¢ 18.8
DIP-EOMCC/(4h-2p) 18.8
Expt.? 16.0 + 0.1
Expt. — AZPVE® 18.1

Example: Singlet-triplet gap in
trimethylenemethane (TMM),
In kcal/mol

[geometries from L.V. Slipchenko and A.l. Krylov,
J. Chem. Phys. 117, 4694 (2002)]



Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Method AFEs T
DEA-EOMCC(3p-1h) 20.9
DEA-EOMCC (4p-2h) {3}’ 18.9
DIP-EOMCC(3h-1p) 22.0
DIP-EOMCC(4h-2p){3}° 18.8
DIP-EOMCC(4h-2p) 18.8
Expt.? 16.0 £ 0.1
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Example: Singlet-triplet gap in
trimethylenemethane (TMM),
In kcal/mol

[geometries from L.V. Slipchenko and A.l. Krylov,
J. Chem. Phys. 117, 4694 (2002)]



Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Method AFEs_T
DEA-EOMCC(3p-1h) 20.9
DEA-EOMCC (4p-2h){3}"  18.9
DIP-EOMCC(3h-1p) 22.0 .
DIP-EOMCC (4h-2p){31° 18.8 |m°
DIP-EOMCC (4h-2p) 18.8 D
Expt.? 16.0 £ 0.1
Expt. — AZPVE® 18.1

Example: Singlet-triplet gap in
trimethylenemethane (TMM),
In kcal/mol

[geometries from L.V. Slipchenko and A.l. Krylov,
J. Chem. Phys. 117, 4694 (2002)]



Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Method cc-pVDZ cc-pVTZ
Method AEs_T ccsDa? , 46.1 4?.9
CCSD(T)% 244 27.1
DEA-EOMCC (3p-1h) 20.9 CR-CC(2.3)%5¢ 23 336
CR-CC(2.3)p% 20.9 31.8
DEA-EOMCC (4p-2h){3}"  18.9 ccsped 26 226
CCSD(T)-h* 10.8 19.3
DIP-EOMCC(3h-1p) 22.0 15 imes CCUIN 22 218
CC(t:3)p* 21.2 21.7
DIP-EOMCC (4h-2p){3}° 18.8 |my  cospre 217
D 2R SUCCSD/RHFY 19.9
DIP-EOMCC(4h-2p) 18.8 2R SUCCSD/MCSCF? 16.1
d 2R RMRCCSD/RHF? 30.6
Expt. 16.0 £ 0.1 2R RMRCCSD/MCSCEF? 23.8
- 2R RMRCCSD(T)/RHF? 25.8
Expt. — AZPVE 18.1 2R RMRCCSD(T) ;/MCSCF? 23.6
- 2R RMRCCSD(T)se/RHF? 23.8
2R RMRCCSD(T)se/MCSCF? 226
SF-CIsbe 20.4
SF-CIS(D)be 20.6
A . . SF-ODPe 21.7
Example: Singlet-triplet gap in EOM:SF-CCSDM 215
- EOM-SF-CC(2.3 18.2
trlmEthylenemEthane (TM M), 4RBW’C.‘C.‘SD( 'uE} 182 178
- 4R BWCCSDT-10:8 14.9
in kcal/mol 1R BWCCSDT-0
Expt.” 16.0+0.1

[geometries from L.V. Slipchenko and A.l. Krylov, s
J. Chem. Phys. 117, 4694 (2002)] Expt.—AZPVE 18.1




Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Another example: Adiabatic excitation energies characterizing the low-lying
states of methylene (TZ2P basis, errors relative to full Cl, in kcal/mol)

X °B,, BB, - (1a)*(2a,)*(1b,)1(3a,)' (1)’
A'A, C'A - (1a)?(2a,)*(1b,)%(38)% (1)), (1a,)*(2a,)(1b,)(3a,)° (10,

Method AlAy —X3B1 B'By — X 3By C'A; — X 3B; MUE NPE
DEA-EOMCC(3p-1h) 1.53 1.09 0.93 1.53  0.60
DEA-EOMCC(4p-2h){2}¢ 0.12 -0.56 -0.82 0.82 0.94
DEA-EOMCC (4p-2h) 0.19 0.14 0.43 0.43 0.29
" DIP-EOMCC(3h-1p) 6.03 8.47 10.94 10.94 4.91
DIP-EOMCC (4h-2p){2}° 1.17 0.64 0.90 1.17 0.53
DIP-EOMCC (4h-2p) 1.24 0.69 0.95 1.24 0.55

Full CI# 11.14 35.59 61.67
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Another example: Adiabatic excitation energies characterizing the low-lying
states of methylene (TZ2P basis, errors relative to full Cl, in kcal/mol)

X °B,, BB, - (1a)*(2a,)*(1b,)1(3a,)' (1)’
A'A, C'A - (1a)?(2a,)*(1b,)%(38)% (1)), (1a,)*(2a,)(1b,)(3a,)° (10,

DEA: CHZ, (1a)’(2a,)°(Ih,)?(32,)°(y)°  néng

Method AlAy —X3B1 B'By — X 3By C'A; — X 3B; MUE NPE
DEA-EOMCC(3p-1h) 1.53 1.09 0.93 1.53  0.60
DEA-EOMCC(4p-2h){2}¢ 0.12 -0.56 -0.82 0.82 0.94
DEA-EOMCC (4p-2h) 0.19 0.14 0.43 0.43 0.29
" DIP-EOMCC(3h-1p) 6.03 8.47 10.94 10.94 4.91
DIP-EOMCC (4h-2p){2}° 1.17 0.64 0.90 1.17 0.53
DIP-EOMCC (4h-2p) 1.24 0.69 0.95 1.24 0.55

Full CI¢ 11.14 35.59 61.67




Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Another example: Adiabatic excitation energies characterizing the low-lying
states of methylene (TZ2P basis, errors relative to full Cl, in kcal/mol)

X °B,, BB, - (1a)*(2a,)*(1b,)1(3a,)' (1)’
A'A, C'A - (1a)?(2a,)*(1b,)%(38)% (1)), (1a,)*(2a,)(1b,)(3a,)° (10,

DEA: CH:', (13,)°(2a,)°(1b,)9(3a,)°(1b)]  nans—N2n.z2n 2

Method AlAy —X3B1 B'By — X 3By C'A; — X 3B; MUE NPE
DEA-EOMCC(3p-1h) 1.53 1.09 0.93 1.53  0.60
DEA-EOMCC(4p-2h){2}¢ 0.12 -0.56 -0.82 0.82 0.94
DEA-EOMCC (4p-2h) 0.19 0.14 0.43 0.43 0.29
" DIP-EOMCC(3h-1p) 6.03 8.47 10.94 10.94 4.91
DIP-EOMCC (4h-2p){2}° 1.17 0.64 0.90 1.17 0.53
DIP-EOMCC (4h-2p) 1.24 0.69 0.95 1.24 0.55

Full CI¢ 11.14 35.59 61.67




Biradicals via the active-space DEA- and DIP-EOMCC

(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Another example: Adiabatic excitation energies characterizing the low-lying
states of methylene (TZ2P basis, errors relative to full Cl, in kcal/mol)

X B, BB, ~ (1a)"(28)" (b,

(3a,) (b))

A'A, C'A ~(1a)*(2a,)*(1b,)’

DEA: CHZ', (13,)%(2a,)*(1b,)](33,)° (1,)"

(3a,)° (1)’

- (la,)?(28,)2(1b,)%(32,)° (1)

2n 6 2 2n 4
n,sn,°— N NN,

Method AlAy —X3B1 B'By — X 3By C'A; — X 3B; MUE NPE
DEA-EOMCC(3p-1h) 1.53 1.09 0.93 1.53 0.60 2 sfiter
DEA-EOMCC(4p-2h){2}¢ 0.12 -0.56 -0.82 0.82 0.94 |6 sliter.
DEA-EOMCC (4p-2h) 0.19 0.14 0.43 0.43 0.29 2621 sliter.
" DIP-EOMCC(3h-1p) 6.03 8.47 10.94 10.94 4.91
DIP-EOMCC (4h-2p){2}° 1.17 0.64 0.90 1.17 0.53
DIP-EOMCC (4h-2p) 1.24 0.69 0.95 1.24 0.55
Full CI® 11.14 35.59 61.67




Biradicals via the active-space DEA- and DIP-EOMCC

(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Another example: Adiabatic excitation energies characterizing the low-lying
states of methylene (TZ2P basis, errors relative to full Cl, in kcal/mol)

X °B,, BB, - (1a)*(2a,)*(1b,)1(3a,)' (1)’

A*A, C*A ~(la)’(2a,)"(lb,)’|(3a,)" (1), (1611)2(2<?l1)2(1b2)2‘(3<':'1)°(3101)2

DEA: CHZ', (13,)%(2a,)*(1b,)](33,)° (1,)"

2n 6 2 2n 4
n,sn,°— N NN,

DIP : CH;, (1a,)%(2a,)*(1b,)*(3a,)°(1b,)*  n/n*
Method AlAy —X3B1 B'By — X 3By C'A; — X 3B; MUE NPE
DEA-EOMCC(3p-1h) 1.53 1.09 0.93 1.53  0.60
DEA-EOMCC(4p-2h){2}¢ 0.12 -0.56 -0.82 0.82 0.94
DEA-EOMCC (4p-2h) 0.19 0.14 0.43 0.43 0.29
" DIP-EOMCC(3h-1p) 6.03 8.47 10.94 10.94 4.91
DIP-EOMCC (4h-2p){2}° 1.17 0.64 0.90 1.17 0.53
DIP-EOMCC (4h-2p) 1.24 0.69 0.95 1.24 0.55
Full CI® 11.14 35.59 61.67

2 sliter
6 s/iter.
2621 sliter.



Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Another example: Adiabatic excitation energies characterizing the low-lying
states of methylene (TZ2P basis, errors relative to full Cl, in kcal/mol)

X B, BB, ~ (1a)"(28)" (b,

(3a,) (b))

A'A, C'A ~(1a)*(2a,)*(1b,)’

DEA: CH?", (13,)%(2a,)%(lb,)?
DIP : CHZ, (1a,)*(2a)*(1b,)

(3a,)° (1)’

- (la,)?(28,)2(1b,)%(32,)° (1)

(3a1)° (1b1)C n,2n8— N,2n2n *

(3a1)2 (1b1)2 nSn,*— N.2n2n *

Method AlAy —X3B1 B'By — X 3By C'A; — X 3B; MUE NPE
DEA-EOMCC(3p-1h) 1.53 1.09 0.93 1.53 0.60 2 sfiter
DEA-EOMCC(4p-2h){2}¢ 0.12 -0.56 -0.82 0.82 0.94 |6 sliter.
DEA-EOMCC (4p-2h) 0.19 0.14 0.43 0.43 0.29 2621 sliter.
" DIP-EOMCC(3h-1p) 6.03 8.47 10.94 10.94 4.91
DIP-EOMCC (4h-2p){2}° 1.17 0.64 0.90 1.17 0.53
DIP-EOMCC (4h-2p) 1.24 0.69 0.95 1.24 0.55
Full CI@ 11.14 35.59 61.67




Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Singlet-Triplet Splitting in (HFH)" (in cm-1)

f a f
R R

RHF UHF
Rur FullCl CCSD CCSD(T) CCSD CCSD(T)




Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Singlet-Triplet Splitting in (HFH)" (in cm-1)

f a f
R R

RHF UHF
Rur FullCI CCSD CCSD(T) CCSD CCSD(T)

9525 7320 -57
7008 4372 58

4911 1838 268
3304 -172 598

2147  -1656 1065
1353  -2668 1670
827 -3282 2398
488 -3572 3226
2177 -3605 4117
17 -2369 7353

0 -230 8899




Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Singlet-Triplet Splitting in (HFH)" (in cm-1)

f E' f
R R

RHF UHF
Rur FullCI CCSD CCSD(T) CCSD CCSD(T)

9525 7320 -57
7008 4372 58

4911 1838 268
3304 -172 598

2147  -1656 1065
1353  -2668 1670
827 -3282 2398
488 -3572 3226
2177 -3605 4117
17 -2369 7353

0 -230 8899




Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Singlet-Triplet Splitting in (HFH)" (in cm™?)

f ﬁ f
R R



Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Singlet-Triplet Splitting in (HFH)" (in cm™?)

fl a /1
R R

DIP, reference system (HFH)*>



Biradicals via the active-space DEA- and DIP-EOMCC
(J. Shen and P. Piecuch, J. Chem. Phys., 2013, Mol. Phys., 2014)

Singlet-Triplet Splitting in (HFH)" (in cm™?)

f, /1

R R
DIP, reference system (HFH)*>

H-F distance (A)

Orbitals Method 1.500 1.625 1.750 1.875 2.000 2.125 2.250 2.375 2.500 3.000 4.000 MUE NPE
DIP-EOMCC(3h-1p) 317 327 307 266 216 167 122 85 57 6 0 327 327

ROHF? DIP-EOMCC(4h-2p){3}c -24 -18 -13 -9 -6 -4 -3 -2 -1 0 0 24 24
DIP-EOMCC(4h-2p) -9 -1 3 4 5 4 3 2 2 1 0 9 14
DIP-EOMCC(3h-1p) 481 478 435 367 203 222 159 108 71 7 0 481 481

RHF* DIP-EOMCC(4h-2p){3}c -40 -36 -77 -58 -40 -27 -17 -12 -8 -8 0 7 77
DIP-EOMCC(4h-2p) -22 -19 -16 -12 -8 -6 -4 -3 -1 1 0 22 23
DIP-EOMCC(3h-1p) 674 T25 719 672 603 525 447 374 311 153 79 T25 646

ROHF /RHF* DIP-EOMCC(4h-2p){3}c 160 186 88 113 132 142 144 139 132 103 148 186 O8
DIP-EOMCC(4h-2p) 155 182 206 224 237 245 247 245 240 202 148 247 99
Full CI* 9525 T008 4911 3304 2147 1353 827 489 277 17 0

Active orbitals for selecting 4h-2p excitations: 3 MOs correlating with the 1s shells of the H atoms and the 2p, orbital of F



MERGING ACTIVE-SPACE AND RENORMALIZED
COUPLED-CLUSTER METHODS, CC(P.Q), CC(t;3),

CC(t,q:3), CC(t,q:3,4), CC(q;4), ETC. SCHEMES

. Shen and P. Piecuch, Chem. Phys., 2012; J. Chem. Phys., 2012; J. Chem. Theory Comput., 2012]

S

Key idea: Replace the previously developed moment expansions, which aim
at describing the differences between the exact (full Cl) energies E, and the
corresponding CC/EOMCC energies obtained using conventional truncation
schemes for the cluster operator T and, in the case of excited states,
excitation operator R, by the expansions that enable us to correct the
energies obtained with arbitrary truncations of T and R, for the selected
higher-order correlation effects of interest.

Examples (and motivation):

Correct the results of CCSDt calculations, where T =T ™ =T +T, +t,,

for the remaining triples effects neglected in CCSDt calculatlons or correct
EOMCCSDtq energies, obtained with T =T " =T +T, +t,+t, and

and R, xRU“P¥ =R +R,+r,+r, forthe remaining triples and quadruples.



Replace

Nﬂ,A Nu,A
E, =B+ 2 (OL M, (m)|@)=ES+ D> > o MET (M),

n=my+1 N=mp+li<-<i,,a<--Q,

where E'" is obtained with T =T, +...+T ~and R{” =R +---+R_ , with

lellar;n (mA) _ <CDI?1I:In |__|(A) Rl(lA) ‘CD >’ |__|(A) T(A) He T(A)
by
ETY=E”+6,(P;Q)=E” + > (.« (PYM  (P),

OPEEN )
rank(® )<min(N‘>) =(7))

where E{” is obtained with T® = Y t,E, andRy’ =11+ > rE, using

(DK ESCP (DK Gf}cp

M (P)= (@ [APR® |0 ), A - 6™ He™




CC(P;Q) HIERARCHY. [J. Shen and P. Piecuch,
Chem. Phys., 2012; J.

CC(t;3), CC(t,g;3), CC(t,q;3,4), CC(qg;4), etc. schemes Chem. Phys, 2012]

EP+Q =EP +65,(P:Q), 6.P:Q)= > luic(P) M, i (P)

) €D
rank( |®K}]£min[N£Pj =@

M, i (P) = (b |(HPRP) @), HP) =T HT” = (HT),
Ly (P) = (OILPHP| D) /Dy k(P), D,x(P)=EF — (dx|HP)|Dy)




CC(P;Q) HIERARCHY. [J. Shen and P. Piecuch,
Chem. Phys., 2012; J.

CC(t;3), CC(t,g;3), CC(t,q;3,4), CC(qg;4), etc. schemes Chem. Phys, 2012]

EP* =EP) +6,(P:Q), 0.(P:Q) = y 0,k (P) M, i (P)

[ ®xc )
rank(|® ) <min(NS) Z(Q))

M, (P) = (O |(HPRP)D), AP =T HT = (HT"),
luk(P) = (L HP) |0 ) /Dy i (P), D,x(P)=EP — (2x|HP)| D)

\

ELCC{‘E;E)] _ E,E-,CCSDt} + 6” (t; 3)
8,(t:3) = - (abe  (CCSD) MI%, (CCSDt) - = CC(t;3)

RAL

Pabey e (T) o z2(t)
ijk



CC(P;Q) HIERARCHY. [J. Shen and P. Piecuch,
Chem. Phys., 2012; J.

CC(t;3), CC(t,g;3), CC(t,q;3,4), CC(qg;4), etc. schemes Chem. Phys, 2012]

EP* =EP) +6,(P:Q), 0.(P:Q) = y 0,k (P) M, i (P)

| ) e Q)
rank(|® ) <min(NS) Z(Q))

M, x(P) = (‘I’K|(FI(P}R£&P3)|{I)>? AP — o TP HTY — (g,
Ly (P) = (OILPHP| D) /Dy k(P), D,x(P)=EF — (dx|HP)|Dy)

EﬁCC{t;E)] _ Eﬁcosm} +0,(t:3) 3
8,(t:3) = - (abe  (CCSD) MI%, (CCSDt) - = CC(t;3)
|¢gj@f}f;yﬂT)95f{t) )
EﬁCC(t,q;Bj) _ EﬁCCSth} L 8,(tq:3) \
6,(t,q:3) = y (ebe (CCSDtq) MYE, (CCSDtq), - == CC(,q;3)
| @5 et (Do) )



CC(P;Q) HIERARCHY. [J. Shen and P. Piecuch,
Chem. Phys., 2012; J.

CC(t;3), CC(t,g;3), CC(t,q;3,4), CC(qg;4), etc. schemes Chem. Phys, 2012]

EP+Q =EP +65,(P:Q), 6.P:Q)= > busc (P) My i (P)

[P )P
rank( |®K}]£min(N£Pj =@

ED’[”:K(P) — (‘I’KKE(P}RELP))M)}? HWP) — E—T”:'j HETEP} _ (HET(P))(_‘;
b (P) = (O|LIPVHP)|d) /Dy (P), D, x(P)=EF — (0x|HP|D)

ELCC{‘E;E)] _ EJSCCSDt} + 6”(,6; 3) 3
abe e ijk Fals .
5,(t:3) = - (abe  (CCSD) MI%, (CCSDt) - m— CC(t;3)
| B2y e (D oae ) )
Eﬁcc(t,q;BJ) _ Eﬁccsntq} 4 5#&?(1; 3) ,
6, (t,q:3) = y (ebe, (CCSDtq) M7%, (CCSDtq). - == CC(,q;3)
|@abe) e (T) o (V)
1] J
EELCC(t,q;BA}) _ EELGCSth} 4+ 5“@, q 3,4) )
/ abe 1 ijk Vale
S,(t,q:3,4) = >y £abe..(CCSDtq) M7, (CCSDtq)
|B2%e) e (D e > mmmd CC(t,q;3,4)
+ >y fabed (CCSDtq) MI% (CCSDiq)
@25 et (Do (@) )




EXAMPLE: THE CC(t;3) APPROACH:
Correcting CCSDt for the remaining triples with CR-CC(2,3)-like expressions
[J. Shen and P. Piecuch, Chem. Phys., 2012]

TESV =T +T,+t,, Q=T,-t,

EFCtN —gleesto % (CCSDt) M %, (CCSDY)
{i<j<k,a<b<c}eQ
M 2% (CCSDt)= = (@ | H IR @ )

gijzk,abc (CCSDt) _ <(D‘ L(ﬂccsot)l_—l(ccsm) ‘q)zicw (ELCCSDt) _<q)sl;c I__I(CCSDt) ‘(Dsic >)

b= X GBRER tD= > GEELR ()= > B

i< j<K,A<b<c i<J<K,A<B<cC 1<J<K,A<B<C




EXAMPLE: THE CC(t;3) APPROACH:

Correcting CCSDt for the remaining triples with CR-CC(2,3)-like expressions

(CC(1:3))
Eu

M5, (CCSD)= = (®
uk (CCSDt) <(D‘L(CCSDt)H(CCSDt)‘(D

t3(“):

,u abc

t3(|) = Z

y7,

[J. Shen and P. Piecuch, Chem. Phys., 2012]

T (CCSD) _

_ p(ccspy

2

=T, +T, +t,,

Ijk
/4 abc

{i<j<k,a<b<c}eQ

UK EAbc

Abc

i< j<K,A<b<c
Example: Bond breaking in F, (cc-pVTZ basis set; the F-F distance R in multiples of R,)

jK 1

abc
ijk

i<J<K,A<B<cC

2

Q=T,-t,

(CCSDt) M at,’i‘j:k

H 7 (CCSDt) R(CCSDt) ‘ d >

>/ (E/(lCCSDt) _<q)uk
tasc B+ (1) =

abc

(CCSDt)

(CCsDt) abc
H CI)IJk
IJK EABC
ABC JK
1<J<K,A<B<C

CCSDt CCSD(T)-h CC(t,3)

R CCSD ccsD(T) cr-cc2,3] @n an | @ (I1I) (IT) (I) (IIT) (11) (I) CCSDT
0.75 11.361 0.021 0364 | 10.401 7.516(2.200| -0.059  -0.163  -0.113 -0.351 -0.308 [-0.162] -199.123383
1 17.979 -0.008 0282 | 16.173 0.907 [1.060 | -0.273 0679  -0.154 -0.341 -0.401 |-0.152| -199.296005
1.25 30.089 -0.881 1.190 | 25907 14.577|1.746 | -1.617  -2.317  -0.224 0806  0.069 [-0.136] -199.267730
1.5 45495 -6.165 3.305 | 38.405 21.103|1.630 | -7.006  -6.962  -0.327 2.536  0.917  |-0.124| -100.245756
1.75 56.750 -16.418 4193 | 47.862 26.112|1.588 | -16.224  -13.754 -0410 3.355  1.355  |-0.104| -199.239464
2 62.819 -26.354 4254 | 53.126 28.850|1.574 | -24.799  -19.507 -0.462 3.493  1.442 |-0.088| -199.238344
3 68.361 -41.789 3.006 | 58.315 31.260|1.550 | -37.814  -27.114  -0.520 3.280  1.265 |-0.065| -100.238825
5 69.103 -47.179 3.733 | 58.880 31.429|1.558 | -41.803  -28.715 -0.524 3.084  1.106 |-0.052| -199.238928
NPE 57.742 47.200 1618 | 48.488 23.012]0.732 | 41.744 28552 0410 3.844  1.842 |0.110




EXAMPLE: THE CC(t;3) APPROACH:

Correcting CCSDt for the remaining triples with CR-CC(2,3)-like expressions

(CC(1:3))
Eu

M5, (CCSD)= = (®
uk (CCSDt) <(D‘L(CCSDt)H(CCSDt)‘(D

,u abc

t3(|) = Z

i< j<K,A<b<c
Example: Bond breaking in F, (cc-pVTZ basis set; the F-F distance R in multiples of R,)

y7,

[J. Shen and P. Piecuch, Chem. Phys., 2012]

T (CCSD) _

_ p(ccspy

2

=T, +T, +t,,

Ijk
/4 abc

{i<j<k,a<b<c}eQ

UK EAbc

Abc

jK 1

abc
ijk

t3(“):

i<J<K,A<B<cC

2

Q=T,-t,

(CCSDt) M at,’i‘j:k

H 7 (CCSDt) R(CCSDt) ‘ d >

>/ (E/(lCCSDt) _<q)uk
tasc B+ (1) =

abc

(CCSDt)

(CCsDt) abc
H CI)IJk
IJK EABC
ABC JK
1<J<K,A<B<C

CCSDt CCSD(T)-h CC(t,3)

R ccsp cesD(T) cr-cc@23] @ [ an || @ (I1I) (IT) (I) (I11) (II) (I) CCSDT
0.75 11.361 0.021 -0.364 | 10.401| 7.516|[2.200 | -0.059  -0.163  -0.113 -0.351 |-0.308| [-0.162] -199.123383
1 17.979 -0.008 0282 | 16.173| 0.007|[1.060 | -0.273 0679  -0.154 -0.341 |-0.401| [-0.152] -199.296005
1.25 30.089 -0.881 1.190 | 25.907|14.577|1.746 | -1.617 2317 -0224 0806 |0.069| [0.136] -199.267730
1.5 45495 -6.165 3.305 | 38.405(21.104|1.630 | -7.006  -6.962 -0.327 2.536 |0.017| |0.124] -190.245756
1.75 56.750 -16.418 4193 | 47.862|26.114|1.588 | -16.224  -13.754 0410 3.355 [1.355| |0.104| -199.239464
2 62.819 -26.354 4254 | 53.126|28.85(||1.574 | -24.799  -19.507 0462 3.493 [1.442| |0.088| -199.238344
3 68.361 -41.789 3.006 | 58.315|31.26(||1.550 | -37.814  -27.114  -0.520 3.280 [1.265| |-0.065| -100.238825
5 69.103 -47.179 3.733 | 58.88031.42d|1.558 | -41.803 28715 -0.524 3.084 |[1.106| |0.052| -199.238928
NPE 57.742 47.200 1618 | 48.488(23.014|0.732 | 41.744 28552 0410 3844 [1.842] |o.110




EXAMPLE: THE CC(t;3) APPROACH:
Correcting CCSDt for the remaining triples with CR-CC(2,3)-like expressions
[J. Shen and P. Piecuch, Chem. Phys., 2012; J. Chem. Phys., 2012]

The mean unsigned error (MUE) and non-parallelity errror (NPE) values (in millihartree)
characterizing the results of various CC calculations for the potential energy curves of
the HF, F,, and F,* molecules relative to the corresponding full CCSDT energies

Molecular system* CCSD CCSD(T) CR-CC(2,3) CCSDt CCSD(T)-h CC(t:3)
MUE

HF(RIR, =0.75 - 5.0) 36.029 71.762 1.553 3779 0.350 0.187

F2(RIR, =0.75 = 5.0) 69.103 41179 4.254 2290 0.524 0.162

Fi(RIR. =0.75-3.0) §9.240 22.032 14.305 1.840 0.727 0.254

NPE

HF(RIR, =0.75 - 5.0) 29.733 11770 1.433 1.385 0.330 0.202

F2(RIR, =0.75 = 5.0) 57.7142 47.200 4618 0.732 0410 0.110

Fy(RIR, =075 -3.0) 77.510 22.132 15.262 0.717 0.604 0.081

“In each case, R/R. designates the range of internuclear separations, in multiples of the equilibrium distance, which was used in the MUE and NPE evaluation. The active spaces used
in the CCSDt, CCSD(T)-h, and CC(t;3) calculations consisted of the N, = 3 highest-energy occupied and N, = 10 lowest-energy unoccupied orbitals that correlate with the 1s, 25,
and 2p shells of the H atom and the 2p, 3s, 3p, and 4s shells of the F atom in the HF case, and the N, = 5 highest occupied and N, = Y lowest unoccupied orbitals that correlate with
the 2p, 3s, and 3p shells of the F atoms in the case of F; and Fi See Ref. 152 for further details.



AUTOMERIZATION OF CYCLOBUTADIENE
[J. Shen and P. Piecuch, J. Chem. Phys, 2012]
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AN

Various CC energies (in millihartree) relative to

full CCSDT (in hartree), cc-pVDZ

Reactant TS
CCSDT -154.244157 -154.232002
CCSD 26.827 47.979
CCSD(T) 1.123 14.198
CR-CC(2,3) 0.848 14.636
CCSDt(l) 20.786 20.274
CCSD(T)-h(I) -0.371 -4.548
CC(t;3)(D -0.137 0.071

2.

Method ce-pVDZ ce-pVTZ
CCsD 20.9 22.6
CcCsD(T) 15.8 18.1
CR-CC(2,3) 16.3 18.6
CCSDt(I) 7.3 9.5
CCSD(T)-h(I) 5.0 6.3
CC(t:3)(I) 7.8 10.0
mmmp CCSDT 7.6 10.6
ACCSD(T)* 16.8 19.2
TCCSDh* 9.4 12.9
TCCSD(T)? 4.6 7.0
CAS-BCCC4P 7.6 8.7
CASPT2P 3.4 3.8
SUCCSDs 7.0 8.7
MkCCSD* 7.8 9.6
RMRCCSD* 10.4 13.0
SUCCSD(T)e 4.8 5.9
RMRCCSD(T)* 7.2 9.5
SUCCSD /mesct® 7.2 3.9
MkCCSD /mescf® 7.9 9.7
RMRCCSD /mesct® 9.5 11.4
SUCCSD(T)/mescf® 5.7 7.2
RMRCCSD(T)/mesct® 5.9 7.5
2D-MRCCSD(T)4 6.6
BWCCSD(a.c.)® 6.5 7.6
BWCCSD(i.c.)® 6.2 7.4
BWCCSD(T)(a.c.)® 6.1 7.0
BWCCSD(T)(i.c.)¢ 5.7 6.8
MkCCSD* 7.8 9.1
MkCCSD(T)*® 7.8 8.9
AQCC/SS-CASSCF! 7.7 8.9
AQCC/SA-2-CASSCF! 7.3 8.4
DIP-EOM-CCSD* 8.3 10.7
SS-EOM-CCSD/[+2]#& 8.3 9.5
Experimental range® 1.6-10
AZPVE! -2.5




AUTOMERIZATION OF CYCLOBUTADIENE
[J. Shen and P. Piecuch, J. Chem. Phys, 2012]
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AZPVE! -2.5




AUTOMERIZATION OF CYCLOBUTADIENE
[J. Shen and P. Piecuch, J. Chem. Phys, 2012]
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AUTOMERIZATION OF CYCLOBUTADIENE
[J. Shen and P. Piecuch, J. Chem. Phys, 2012]
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The Con rotatory con_TS dis_TS g-but gt_TS t-but
and Disrotatory CCSD(T)? 40.4 21.8 -25.1 -22.3 -28.0
Isomerization CR-CC(2,3)2 41.1 66.1 -24.9 -22.1 -27.9
Pathways of
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butane to
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\ 2 A. Kinal and P. Piecuch, J. Phys. Chem. A 111, 734 (2007)
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Isomerization CR-CC(2,3)2 41.1 66.1 -24.9 -22.1 -27.9
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butane to
Butadiene Revisited
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},_&. b D, A. Maziotti, J. Phys. Chem. A 112, 13684 (2008)
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; F\ ACSE total energies for reactant, product, and
N é& disrotatory transition states suggests the CR-CC method may
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et biradical disrotatory transition state that would
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and Disrotatory CCSD(T)? 40.4 21.8 -25.1 -22.3 -28.0
Isomerization CR-CC(2,3)2 41.1 66.1 -24.9 -22.1 -27.9
Pathways of ACSE P 41.2 55.7 -23.8

Bicyclo[1.1.0]- CCSDte 40.1 59.0 -27.2 -25.3 -31.1
butane to CC(t;3)° 40.2 60.1 -25.3 -22.6 -28.3
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The Con rotat()ry con_TS dis TS g-but gt TS t-but
and Disrotatory CCSD(T)? 40.4 21.8 -25.1 -22.3 -28.0
Isomerization CR-CC(2,3)2 41.1 66.1 -24.9 -22.1 -27.9
Pathways of ACSE P 41.2 55.7 -23.8
Bicyclo[l.l.O]- CCSDrte 40.1 59.0 -27.2 -25.3 -31.1
butane to CC(t;3)° 40.2 60.1 -25.3 -22.6 -28.3
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The Conrotatory

i Method con_TS dis_TS g-but gt_TS t-but
and Disrotatory
. . cc-pVDZ
Isomerization CCSD 450 757 =256 =231 —28.5
Pathways of CCSD(T) 399 135 261 -234 290
Bicyclo[1.1.0]- CCSD(Q2)r 439 683 250 220 280
CR-CC(2.3)* 403 621 —26.1 —23.3 —~29.0
butane to CCSD 395 557 —284 256 316
Butadiene Revisited CCSD(T)-h 394 539 265 237 —29.4
CC(1:3) 397 574 264 236 @ —293
CCSDT 398 575 265 237 294
MCQDPT2" 370 537 264 234 294
cc-pVTZ
CCSD 456 789 248 222 @ -276
CCSD(T)* 404 218 251 223 —28.0
CCSD(2)y 417 678 =250 223 -279
CR-CC(2.3)%P 41.1 66.1 —249 221 279
CCSDt 40.1 590 272 =253 —31.1
CCSD(T)-h 397 536 254 -226 @ —284
CC(t:3) 402 601 =253 226 283
MRMP2/6-31G(d)® 380 540 266
MRMP2/6-311G(d.p)* 357 522 =270
CASPT2/6-31G(d)* 415 563 232 —26.0
MRCI(Q)/6-31G(d)* 415 567 —29.8 —-324
ACSE/6-31G(d)" 418 564 242
ACSE/6-311G(d.p) 412 557 238
OMR3-DMC® 40.4(5) 58.6(5) —25.2(5) —22.2(5) —27.9(5)

Experiment 40.6 £ 2.5° —259 £ 045




The Conrotatory
and Disrotatory

Isomerization
Pathways of

Bicyclo[1.1.0]-

butane to

Butadiene Revisited

Errors in the calculated total electronic energies relative to full CCSDT, in millihartree

(the cc-pVDZ basis set)

Species” CCSD CCSD(T) CCSD2)r CR-CC(2.3) CCSDt CCSD(T)-h CC(t:3)
bicbut 21.863 0.450 3.107 0.134 14.427 —0.200 —0.263
con_TS 30.130 0.573 3.305 0.968 14.024 —0.826 - 0418
dis_TS 50.760 —69.648 14.052 7.345 11.487 - 5018 —0.491
g-but 23.259 1.009 3.786 0.794 11.377 —0.183 —0.065
gt TS 22.836 0.964 3.658 0.782 11.402 -0.139 —0.028
t-but 23.39 1.036 3.837 0.840 10.963 —0.192 —0.056




PRELIMINARY CC(t,q;3) AND CC(t,q;3,4) RESULTS:
Correcting CCSDtq for the missing triples or triples and quadruples

[P. Piecuch, J. Shen, N.P. Bauman, and M. Ehara, in preparation]

Double dissociation Method R=R. R=15R. R=2R. MUE NPE

of the H,O molecule ccsp 1.790 5.590 0.335  0.335 7.545
(DZ basis set) CCSDT  0.434 1.473  -2.210  2.210 3.683
COSDTQ  0.015 0.141 0.108  0.141 0.126 <

Full CT  -76.157866 -76.014521 -75.905247

Method R=R. R=15R. R=2R. MUE NPE
CCSD(TQs) 0.151(0.166) -0.047(0.004) -6.022(-5.914) 6.022(5.914) 6.173(6.080)

[_
CR-CC(2,4) 0.041(0.056) 0.238(0.379) -1.039(-0.931) 1.039(0.931) 1.277(1.310)
CCSDtq{2,2}  0.970(0.985) 1.091(1.232) 1.220(1.337) 1.229(1.337) 0.259(0.352)
CC(t,q:3){2.2}  0.309(0.324) 0.497(0.638) 0.713(0.821) 0.713(0.821) 0.403(0.496)
CC(t,q;3,4){2,2} 0.022(0.037) 0.049(0.190) 0.411(0.519) 0.411(0.519) 0.389(0.482)
CCSDTQ 76.157851  -76.014380  -75.905130 ¢

Full CI -76.157866  -76.014521 -75.905247
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Correcting CCSDtq for the missing triples or triples and quadruples

[P. Piecuch, J. Shen, N.P. Bauman, and M. Ehara, in preparation]

Double dissociation Method R=R. R=15R. R=2R. MUE NPE

of the H,O molecule ccsp 1.790 5.590 0.335  0.335 7.545
(DZ basis set) CCSDT  0.434 1.473  -2.210  2.210 3.683
COSDTQ  0.015 0.141 0.108  0.141 0.126 <

Full CT  -76.157866 -76.014521 -75.905247

Method R=R., R=15R. R=2R. MUE NPE
CCSD(TQs) 0.151(0.166) -0.047(0.094) -6.022(-5.914) 6.022(5.914) 6.173(6.080)
CR-CC(2,4) 0.041(0.056) 0.238(0.379) -1.039(-0.931) 1.039(0.931) 1.277(1.310)
CCSDtq{2,2}  0.970(0.985) 1.001(1.232) 1.220(1.337) 1.229(1.337) 0.259(0.352)
CC(t,;3){2,2}  0.309(0.324) 0.497(0.638) 0.713(0.821) 0.713(0.821) 0.403(0.496)
CC(t,q;3,4){2,2} 0.022(0.037) 0.049(0.190) 0.411(0.519) 0.411(0.519) 0.389(0.482)
CCSDTQ 76.157851  -76.014380  -75.905139 ¢
Full CI 76.157866  -76.014521  -75.905247




PRELIMINARY CC(t,q;3) AND CC(t,q;3,4) RESULTS:
Correcting CCSDtq for the missing triples or triples and quadruples

[P. Piecuch, J. Shen, N.P. Bauman, and M. Ehara, in preparation]

Double dissociation Method R=R. R=15R. R=2R. MUE NPE
of the H,O molecule ccsp 1.790 5.590 9.335  9.335 7.545
(DZ basis set) CCSDT  0.434 1.473 -2.210 2210 3.683
CCSDTQ  0.015 0.141 0.108  0.141 0.126 4
Full CI  -76.157866 -76.014521 -75.905247
Method R=R. R=15R. R=2R. MUE NPE
CCSD(TQs)  0.151(0.166) -0.047(0.094) -6.022(-5.914) 6.022(5.914) 6.173(6.080)
CR-CC(2,4)  0.041(0.056) 0.238(0.379) -1.039(-0.931) 1.039(0.931) 1.277(1.310)
CCSDtq{2,2}  0.970(0.985) 1.091(1.232) 1.229(1.337) 1.229(1.337) 0.259(0.352)
CC(t,q;3){2,2}  0.309(0.324) 0.497(0.638) 0.713(0.821) 0.713(0.821) 0.403(0.496)
) )

CC(t,q:3,4){2,2}

0.022(0.037)

0.049(0.190) 0.411(0.519) 0.411(0.519

0.389(0.482)

CCSDTQ
Full CI

-76.157851
-76.157866

-76.014380  -75.905139
-76.014521 -75.905247

<4=mm



Correcting CCSDtq for the missing triples or triples and quadruples

PRELIMINARY CC(t,q:3) AND CC(t,q:3,4) RESULTS:

[P. Piecuch, J. Shen, N.P. Bauman, and M. Ehara, in preparation]

The Be+H,—»BeH, reaction (C,,, pathway; DZP basis set)

Method A B C D E F G H [ NPE MUE
CCSD 0.391 0.378 0.479 1.092 3.481 0.791 0.311 0.180 0.036  3.445 3.481
CCSDT 0.021 0.003 0.041 -0.104 -2.205 0.058 0.042 0.015 0.004  2.263 2.205
CCSDTQ  0.000 -0.001 0.001 -0.001 0.000 0.016 -0.001 -0.001 0.000  0.018 0.016

Full CT  -15.779172 -15.737224 -15.674818 -15.622883 -15.602919 -15.624981 -15.693194 -15.736688 -15.760878

Method A B C D E F G H I NPE MUE
CR-CC(2,4)aa 0.165 0.141 0.153 0.473 -0.737 0.254 0.093 0.050 0.009  1.209 0.737
CR-CC(2,4)pa 0.058 0.036 0.009 0.162 -0.936 0.036 -0.001 -0.003 0.001  1.098 0.936
CCSDtq{(1,1} 0.238 0.191 0.239 0.367 0.908 0.314 0.185 0.117 0.024  0.885 0.908
CC(t,q:3)a{1,1} 0.097 0.074 0.097 0.133 0.412 0.124 0.058 0.036 0.007  0.406 0.412
CC(t,q:3)p{1.1} 0.033 0.022 0.036 0.036 0.210 0.033 -0.003 0.003 0.002  0.213 0.210
CC(t,q:3.4)aa{1,1}  0.094 0.073 0.095 0.114 0.466 0.126 0.054 0.032 0.006  0.460 0.466
CC(t,q:3.4)pa{l.1}  0.030 0.021 0.034 0.017 0.263 0.035 -0.007 0.000 0.001  0.270 0.263
CCSDTQ -15.779172 -15.737225 -15.674819 -15.622884 -15.602919 -15.624965 -15.693195 -15.736689 -15.760878 <=

Full CI

-15.779172 -15.737224 -15.674818 -15.622883 -15.602919 -15.624981 -15.693194 -15.736688 -15.760378




PRELIMINARY CC(t,q;3) AND CC(t,q;3,4) RESULTS:
Correcting CCSDtq for the missing triples or triples and quadruples

[P. Piecuch, J. Shen, N.P. Bauman, and M. Ehara, in preparation]

The Be+H,—»BeH, reaction (C,,, pathway; DZP basis set)

Method A B C D E F G H [ NPE MUE
CCSD 0.391 0.378 0.479 1.092 3.481 0.791 0.311 0.180 0.036  3.445 3.481
CCSDT 0.021 0.003 0.041 -0.104 -2.205 0.058 0.042 0.015 0.004  2.263 2.205

CCSDTQ  0.000 -0.001 0.001 -0.001 0.000 0.016 -0.001 -0.001 0.000  0.018 0.016 u—
Full CT  -15.779172 -15.737224 -15.674818 -15.622883 |-15.602919]-15.624981 -15.693194 -15.736688 -15.760878

Method A B C D E F G H I NPE MUE
CR-CC(2,4)aa 0.165 0.141 0.153 0.473 -0.737 0.254 0.093 0.050 0.009  1.209 0.737
CR-CC(2,4)pa 0.058 0.036 0.009 0.162 -0.936 0.036 -0.001 -0.003 0.001  1.098 0.936
CCSDtq{(1,1} 0.238 0.191 0.239 0.367 0.908 0.314 0.185 0.117 0.024  0.885 0.908

CC(t,q:3)a{1,1} 0.097 0.074 0.097 0.133 0.412 0.124 0.058 0.036 0.007  0.406 0.412
CC(t,q:3)p{1.1} 0.033 0.022 0.036 0.036 0.210 0.033 -0.003 0.003 0.002  0.213 0.210
CC(t,q:3.4)aa{1,1}  0.094 0.073 0.095 0.114 0.466 0.126 0.054 0.032 0.006  0.460 0.466
CC(t,q:3.4)pa{l.1}  0.030 0.021 0.034 0.017 0.263 0.035 -0.007 0.000 0.001  0.270 0.263
CCSDTQ -15.779172 -15.737225 -15.674819 -15.622884 -15.602919 -15.624965 -15.693195 -15.736689 -15.760878 <=
Full CI -15.779172 -15.737224 -15.674818 -15.622883 -15.602919 -15.624981 -15.693194 -15.736688 -15.760378




PRELIMINARY CC(t,q;3) AND CC(t,q;3,4) RESULTS:
Correcting CCSDtq for the missing triples or triples and quadruples

[P. Piecuch, J. Shen, N.P. Bauman, and M. Ehara, in preparation]

The Be+H,—»BeH, reaction (C,,, pathway; DZP basis set)

Method A B C D E F G H [ NPE MUE

CCSD 0.391 0.378 0.479 1.092 3.481 0.791 0.311 0.180 0.036  3.445 3.481
CCSDT 0.021 0.003 0.041 -0.104 -2.205 0.058 0.042 0.015 0.004  2.263 2.205
CCSDTQ  0.000 -0.001 0.001 -0.001 0.000 0.016 -0.001 -0.001 0.000  0.018 0.016
Full CT  -15.779172 -15.737224 -15.674818 -15.622883 |-15.602919]-15.624981 -15.693194 -15.736688 -15.760878

Method A B C D E F G H I NPE MUE
CR-CC(2,4)aa 0.165 0.141 0.153 0.473 -0.737 0.254 0.093 0.050 0.009  1.209 0.737
CR-CC(2,4)pa 0.058 0.036 0.009 0.162 -0.936 0.036 -0.001 -0.003 0.001  1.098 0.936
CCSDtq{(1,1} 0.238 0.191 0.239 0.367 0.908 0.314 0.185 0.117 0.024  0.885 0.908

CC(t,q:3)a{1,1} 0.097 0.074 0.097 0.133 0.412 0.124 0.058 0.036 0.007  0.406 0.412
CC(t,q:3)p{1.1} 0.033 0.022 0.036 0.036 0.210 0.033 -0.003 0.003 0.002  0.213 0.210
CC(t,q:3.4)aa{1,1}  0.094 0.073 0.095 0.114 0.466 0.126 0.054 0.032 0.006  0.460 0.466
CC(t,q:3.4)pa{l.1}  0.030 0.021 0.034 0.017 0.263 0.035 -0.007 0.000 0.001  0.270 0.263
CCSDTQ -15.779172 -15.737225 -15.674819 -15.622884 -15.602919 -15.624965 -15.693195 -15.736689 -15.760878 <=
Full CI -15.779172 -15.737224 -15.674818 -15.622883 -15.602919 -15.624981 -15.693194 -15.736688 -15.760378




PRELIMINARY CC(t,q;3) AND CC(t,q;3,4) RESULTS:
Correcting CCSDtq for the missing triples or triples and quadruples

[P. Piecuch, J. Shen, N.P. Bauman, and M. Ehara, in preparation]

The Be+H,—»BeH, reaction (C,,, pathway; DZP basis set)

Method A B C D E F G H [ NPE MUE
CCSD 0.391 0.378 0.479 1.092 3.481 0.791 0.311 0.180 0.036  3.445 3.481
CCSDT 0.021 0.003 0.041 -0.104 -2.205 0.058 0.042 0.015 0.004  2.263 2.205

CCSDTQ  0.000 -0.001 0.001 -0.001 0.000 0.016 -0.001 -0.001 0.000  0.018 0.016 u—
Full CT  -15.779172 -15.737224 -15.674818 -15.622883 |-15.602919]-15.624981 -15.693194 -15.736688 -15.760878

Method A B C D E F G H I NPE MUE
CR-CC(2,4)aa 0.165 0.141 0.153 0.473 -0.737 0.254 0.093 0.050 0.009  1.209 0.737
CR-CC(2,4)pa 0.058 0.036 0.009 0.162 -0.936 0.036 -0.001 -0.003 0.001  1.098 0.936
CCSDtq{(1,1} 0.238 0.191 0.239 0.367 0.908 0.314 0.185 0.117 0.024  0.885 0.908

CC(t,q:3)a{1,1} 0.097 0.074 0.097 0.133 0.412 0.124 0.058 0.036 0.007  0.406 0.412
CC(t,q:3)p{1.1} 0.033 0.022 0.036 0.036 0.210 0.033 -0.003 0.003 0.002  0.213 0.210
CC(t,q:3.4)aa{1,1}  0.094 0.073 0.095 0.114 0.466 0.126 0.054 0.032 0.006  0.460 0.466
CC(t,q:3.4)pa{l.1}  0.030 0.021 0.034 0.017 0.263 0.035 -0.007 0.000 0.001  0.270 0.263
CCSDTQ -15.779172 -15.737225 -15.674819 -15.622884 -15.602919 -15.624965 -15.693195 -15.736689 -15.760878 <=
Full CI -15.779172 -15.737224 -15.674818 -15.622883 -15.602919 -15.624981 -15.693194 -15.736688 -15.760378




PRELIMINARY CC(t,q;3) AND CC(t,q;3,4) RESULTS:
Correcting CCSDtq for the missing triples or triples and quadruples

[P. Piecuch, J. Shen, N.P. Bauman, and M. Ehara, in preparation]

The Be+H,—»BeH, reaction (C,,, pathway; DZP basis set)

Method A B C D E F G H [ NPE MUE
CCSD 0.391 0.378 0.479 1.092 3.481 0.791 0.311 0.180 0.036  3.445 3.481
CCSDT 0.021 0.003 0.041 -0.104 -2.205 0.058 0.042 0.015 0.004  2.263 2.205
CCSDTQ  0.000 -0.001 0.001 -0.001 0.000 0.016 -0.001 -0.001 0.000  0.018 0.016
Full CT  -15.779172 -15.737224 -15.674818 -15.622883 |-15.602919]-15.624981 -15.693194 -15.736688 -15.760878

Method A B C D E F G H I NPE MUE
CR-CC(2,4)a4 0.165 0.141 0.153 0.473 -0.737 0.254 0.093 0.050 0.009  1.209 0.737
CR-CC(2,4)pa 0.058 0.036 0.009 0.162 -0.936 0.036 -0.001 -0.003 0.001  1.098 0.936
CCSDtq{(1,1} 0.238 0.191 0.239 0.367 0.908 0.314 0.185 0.117 0.024  0.885 0.908

CC(t,q:3)a{1,1}
CC(t,q:3)p{1.1}
CC(t,q;3,4)aa {1,1)
CC(t.a:3.4)pa{l.1}

0.097 0.074 0.097 0.133 0.412 0.124 0.058 0.036 0.007  0.406 0.412
0.033 0.022 0.036 0.036 0.210 0.033 -0.003 0.003 0.002  0.213 0.210
0.094 0.073 0.095 0.114 0.466 0.126 0.054 0.032 0.006  0.460 0.466
0.030 0.021 0.034 0.017 0.263 0.035 -0.007 0.000 0.001  0.270 0.263

CCSDTQ
Full CI

-15.779172 -15.737225 -15.674819 -15.622884 -15.602919 -15.624965 -15.693195 -15.736689 -15.760878

<=

-15.779172 -15.737224 -15.674818 -15.622883 -15.602919 -15.624981 -15.693194 -15.736688 -15.760378




PRELIMINARY CC(t,q;3) AND CC(t,q;3,4) RESULTS:
Correcting CCSDtq for the missing triples or triples and quadruples

[P. Piecuch, J. Shen, N.P. Bauman, and M. Ehara, in preparation]

The Be+H,—»BeH, reaction (C,,, pathway; DZP basis set)

Method A B C D E F G H [ NPE MUE
CCSD 0.391 0.378 0.479 1.092 3.481 0.791 0.311 0.180 0.036  3.445 3.481
CCSDT 0.021 0.003 0.041 -0.104 -2.205 0.058 0.042 0.015 0.004  2.263 2.205
CCSDTQ  0.000 -0.001 0.001 -0.001 0.000 0.016 -0.001 -0.001 0.000  0.018 0.016
Full CT  -15.779172 -15.737224 -15.674818 -15.622883 |-15.602919]-15.624981 -15.693194 -15.736688 -15.760878

Method A B C D E F G H I NPE MUE
CR-CC(2,4)a4 0.165 0.141 0.153 0.473 -0.737 0.254 0.093 0.050 0.009  1.209 0.737
CR-CC(2,4)pa 0.058 0.036 0.009 0.162 -0.936 0.036 -0.001 -0.003 0.001  1.098 0.936

CCSDiqg{(1,1}

0.024  0.885 0.908

CC(t,q:3)a{1,1} 0.097 0.074 0.097 0.133 0.412 0.124 0.058 0.036 0.007  0.406 0.412
CC(t,q:3)p{1.1} 0.033 0.022 0.036 0.036 0.210 0.033 -0.003 0.003 0.002  0.213 0.210
CC(t,q:3.4)aa{1,1}  0.094 0.073 0.095 0.114 0.466 0.126 0.054 0.032 0.006  0.460 0.466
CC(t.q:3.4)pa{1.1}  0.030 0.021 0.034 0.017 0.263 0.035 -0.007 0.000 0.001  0.270 0.263
CCSDTQ -15.779172 -15.737225 -15.674819 -15.622884-15.602919 |-15.624965 -15.693195 -15.736689 -15.760878 <=
Full CI -15.779172 -15.737224 -15.674818 -15.622883|-15.602919 |-15.624981 -15.693194 -15.736688 -15.760878




EXCITED-STATE POTENTIAL ENERGY SURFACES OF THE WATER MOLECULE

[J. Shen and P. Piecuch, in preparation; cf., also, J.J. Lutz and P. Piecuch, Comput. Theor. Chem., 2014]
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EXCITED-STATE POTENTIAL ENERGY SURFACES OF THE WATER MOLECULE

[J. Shen and P. Piecuch, in preparation; cf., also, J.J. Lutz and P. Piecuch, Comput. Theor. Chem., 2014]
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EXCITED-STATE POTENTIAL ENERGY SURFACES OF THE WATER MOLECULE

[J. Shen and P. Piecuch, in preparation; cf., also, J.J. Lutz and P. Piecuch, Comput. Theor. Chem., 2014]
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EXCITED-STATE POTENTIAL ENERGY SURFACES OF THE WATER MOLECULE

[J. Shen and P. Piecuch, in preparation; cf., also, J.J. Lutz and P. Piecuch, Comput. Theor. Chem., 2014]

Mean unsigned errors (MUESs) rel. to full Cl, in mH, for the A' and A" excited states

STATE 7R-SU-CCSD [1] EOMCCSD CR-EOMCC(2,3) CC(t;3)
1 1N

3.94 10.80 0.88 1.10
2 A 3.12 15.59 1.89 1.61
3 A 12.44 14.86 3.86 2.12
1 3A 4.25 3.03 1.31 0.92
2 3N 4.15 9.67 0.68 1.25
33 6.48 11.09 4.89 2.08

STATE 4R-SU-CCSD [1] | (8,4)-CCSD [1] | EOMCCSD CR-EOMCC(2,3) CC(t;3)
1A 2.85 1.32 8.31 0.87 0.99

2 A 6.22 3.80 1.54 0.89 0.19

1 3A” 3.88 2.82 8.53 0.58 1.19
2 3A” 12.62 1.95 8.95 4.13 0.63

[1] X. Li and J. Paldus, J. Chem. Phys. 133, 024102 (2010).



(SUB)LINEAR SCALING LOCAL CORRELATION CC METHODS:
CLUSTER-IN-MOLECULE (CIM) CCSD, CCSD(T), AND CR-CC(2,3) APPROACHES

[W. Li, P. Piecuch, and J.R. Gour, AIP Proceedings, 2009; W. Li, P. Piecuch, J.R. Gour, and S. Li, J. Chem. Phys., 2009;
W. Li, P. Piecuch, and J.R. Gour, Prog. Theor. Chem. Phys., 2009; W. Li and P. Piecuch, J. Phys. Chem. A, 2010 (x2)]

1 in
AE=Q 0B OE =g OEMRY G
Our CIM-CC and CIM-MBPT algorithms are chlarallcterized by:

*The use of (virtually) orthonormal LMO bases (one can use canonical CC/MBPT
codes for orthonormal orbitals to perform the CIM-CC and CIM-MBPT calculations)

*The linear scaling of the CPU time when the same theory level is applied to all CIM
subsystems (CIM subsystems do not grow with the system size, reflecting on the
iImmediate chemical environment)

*The natural and coarse-grain parallelism that can be further enhanced by fine-grain
parallelism (each CC subsystem calculation can run on a different processor or node
in serial or parallel; fast connection among nodes is not needed)

*The non-iterative character of triples (and other perturbative) energy corrections
through the use of subsystem-specific quasi-canonical MOs (QCMOs) (usually, local
CC and MBPT approaches convert the determination of non-iterative energy
corrections into relatively expensive iterative steps).

*The possibility to mix different levels of CC theory or CC and non-CC (e.g., MPn or
MBPT(n)) methods within a single computation.
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Gordon, J. Phys. Chem. C, 2010]




MULTI-LEVEL CIM-CC METHODS WITH A CANONICAL TREATMENT OF
CHEMICALLY INACTIVE REGIONS
CIM-CR-CC(2,3)/MP2 or CCSD vs DFT study of the Co-C Bond dissociation in
methylcobalamin (MeCbl)

[P.M. Koztowski, M. Kumar, P. Piecuch, W. Li, N.P. Bauman, J.A. Hansen, P. Lodowski, and M. Jaworska, J. Chem. Theory
Comput., 2012]

Molecular structure of B, cofactors
(R = Me or Ado) R, = CH,CONH,,
R, = CH,CH,CONH,, R, =
(CH,),CONHCH,CH(CH,)OPO, .



MULTI-LEVEL CIM-CC METHODS WITH A CANONICAL TREATMENT OF
CHEMICALLY INACTIVE REGIONS
CIM-CR-CC(2,3)/MP2 or CCSD vs DFT study of the Co-C Bond dissociation in
methylcobalamin (MeCbl)

[P.M. Koztowski, M. Kumar, P. Piecuch, W. Li, N.P. Bauman, J.A. Hansen, P. Lodowski, and M. Jaworska, J. Chem. Theory
Comput., 2012]

The Im-[Co''corrin]-Me* structural
Molecular structure of B,, cofactors model of MeCbl employed by us
(R = Me or Ado) R, = CH,CONH,, (58 atoms; 234 electrons, 530
R, = CH,CH,CONH,, R; = basis functions in the 6-31G*
(CH,),CONHCH,CH(CH,)OPO, .  description; the 6-311++G**
results extrapolated from the
analysis of Co-C bond
dissociation in the Co(NH;);Me?").



MULTI-LEVEL CIM-CC METHODS WITH A CANONICAL TREATMENT OF
CHEMICALLY INACTIVE REGIONS

CIM-CR-CC(2,3)/MP2 or CCSD vs DFT study of the Co-C Bond dissociation in

methylcobalamin (MeCbl)

[P.M. Koztowski, M. Kumar, P. Piecuch, W. Li, N.P. Bauman, J.A. Hansen, P. Lodowski, and M. Jaworska, J. Chem. Theory

Molecular structure of B, cofactors
(R = Me or Ado) R, = CH,CONH,,
R, = CH,CH,CONH,, R, =
(CH,),CONHCH,CH(CH,)OPO, .

Comput., 2012]

Co, C —marked in the input ¢
as CR-CC(2,3) atoms !

The Im-[Co''corrin]-Me* structural

model of MeCbl employed by us The Im-[Co''corrin]-Me* structural

(58 atoms; 234 electrons, 530 model of MeCbl where the red colored
basis functions in the 6-31G* zone marks the atoms that can be
description; the 6-311++G** assigned to the CIM subsystem which
results extrapolated from the in the multi-level GSECIM-X/Y
analysis of Co-C bond calculations is treated by the higher-

dissociation in the Co(NH;):Me?*).  level method X.



BDE (With ZPE), Ehpt\:lilllulltal EIIU/I Bdlb
Functional kcal/mol, 6-31G(d) / 6- o 3 »
e - s B

BHandHLYP (50% HF) 1.2/-2.2 § 8Ps5
MPW1K (42.8 % HF) 8.9/6.0 g MPWPw!
MO06-2X (54 % HF) 13.5/9.2 T e

QO wBI7X-
MPW1PW91 (25 % HF) 181/16.1 S "

8 B3LYP + D3 .
B3LYP (20 % HF) 17.8/15.9 g Tsh Martin et al.

Qo
B3LYP+D3 (20 % HF) 21.2/24.7 £ e

MOB-2X Hung etal. —
BHandHLYP

IRSShE0ReIRE 2451230 A A e
oB97X-D (22 % HF) 26.8/24.8 Co-C BDE [kcal/mol]
BLYP 25.7124.8
PSS e YTET CPU timings of CIM-CR-CC(2,3)/MP2 and

CIM-CR-CC(2,3)/CCSD:
MPWPW91 30.3/29.7
MO6-L 31.3/29.8 Canonical MP2 on 16 cores: ~9 minutes
BP86 30.6/30.0 Canonical CCSD on 16 cores: ~60 hours
BP86+D3 35.2/39.7 Local CR-CC(2,3) triples correction on 1
B97-D 35.1/34.8 CPU (one CC subsystem): ~74 hours
CIM-CR-CC(2,3)/CCSD 39.8 (cale.) / 37.8 (est.) | ~ CHEMICAL ACCURACY IN ~3 DAYS ON
Experiment 37+3,36t4 UP TO 16 CORES! (think of 1,000 cores ...)




BDE (With ZPE), Ehpt\:l;lllulltﬂl EIIU/I Bdlb
Functional kcal/mol, 6-31G(d) / 6- o 3 ¥
SUHCEAR) g o I |

0 B97-
BHandHLYP (50% HF) 1.2/-2.2 £ e

Q
MPW1K (42.8 % HF) 8.9/6.0 s "
MO06-2X (54 % HF) 13.5/9.2 T e

QO wBI7X-
MPW1PW91 (25 % HF) 181/16.1 S "

8 B3LYP + D3 .
B3LYP (20 % HF) 17.8/15.9 g Tsh Martin et al

Qo
B3LYP+D3 (20 % HF) 21.2/24.7 £ e

- MOB-2X Hung etal. —

BHandHLYP

TIPS (028 2451230 50 s o 5w % % % 40 4 50
®B97X-D (22 % HF) 26.8/24.8 Co-C BDE [kcal/mol]
BLYP 25.7124.8
TPSS e YTET CPU timings of CIM-CR-CC(2,3)/MP2 and

CIM-CR-CC(2,3)/CCSD:
MPWPW91 30.3/29.7
MO6-L 31.3/298 Canonical MP2 on 16 cores: ~9 minutes
BP86 30.6/30.0 Canonical CCSD on 16 cores: ~60 hours
BP86+D3 35.2/39.7 Local CR-CC(2,3) triples correction on 1
B97-D 35.1/34.8 CPU (one CC subsystem): ~74 hours
CIM-CR-CC(2,3)/CCSD 39.8 (cale.) / 37.8 (est.) | ~ CHEMICAL ACCURACY IN ~3 DAYS ON
Experiment 37+3,36t4 UP TO 16 CORES! (think of 1,000 cores ...)
CASSCF(11,10), CASPT2(11,10) 15.1,53.8




THANK YOU
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