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S1. OVERVIEW OF MAIN COMPUTATIONAL CODES
IN MOLCAS
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FIG. S1. Flowchart of Molcas modules

Compilation of Molcas requires Fortran and C com- e Intel ifort

piler. The recent version of the code is only supports
64-bit arithmetic. The regular testing of the code is per-
formed at Linux and Mac OS, however, the Molcas code
can be compiled virtually under any operating system,
including MS Windows (using Cygwin or MinGW), AIX,
FreeBSD. Very little modifications are needed to run Mol-
cas at a new environment. Molcas can be compiled with
the following Fortran compilers:

e Sun Sunstudio
e NVIDIA Portland compiler
e NAG fortran compiler

A short description of the main computational codes
in [Open]Molcas (in alphabetic order):

e gfortran (and clones: g95, llvin) o &LALASKA
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— Computational bottlenecks: In DMRG-
CASPT2 calculations, the calculation of

— Capabilities: Derivative integrals are com- F.4-RDM is the bottleneck.
6-9

puted on the fly and contracted with density — References:
matrices to produce the gradient. Analyti-
cal gradients for variational methods (SCF,
CASSCF, RASSCF) are immediate. Some

— Description: ALASKA computes energy gra-
dients for supported wavefunction models.

o &DMRGSCF

— Description: DMRGSCF activates a program

non-variational methods have analytical gra-
dients available too (MP2, SA-CASSCF). For
other methods the program resorts to numer-
ical differentiation (SA-RASSCF, CASPT?2).
Analytical gradients are also available with
density fitting. Analytical nonadiabatic cou-
plings are available for SA-CASSCF.

to perform density matrix renormalization
group self-consistent-field (DMRG-SCF) cal-
culations

Capabilities: Tt acts as a front-end to DMRG
codes (currently, only for QCMaquis) to per-
form DMRG-CI and DMRG-SCF calcula-

— Limitations: ~Gradients are currently not tions.

available for spin—orbit coupled states. — Limitations: DMRG-CI can be performed
with up to 70 orbitals if enough memory is

— Performance: Both analytical and numerical present (1 TB would be required)

differentiation modes are parallelized.

— Computational bottlenecks: For large SA- — Performance: 20 orbitals, m = 1000, 5 sweeps

CASSCF the bottleneck lies often in solving ~ 1-4 hours.
the linear-response equations (MCLR). — Computational bottlenecks: Code is paral-
— References:3 lelized with OpenMP. Bottleneck — Jacobi-
Davidson diagonalization and, for very large
o &CASPT2 active spaces, saving of the matrix-product-

state (MPS) and of the boundaries in mem-
— Description: CASPT2 computes dynamic cor- ory (for 60-70 orbitals, 1 TB RAM might be
relation on top of multiconfigurational wave needed).

functions.
— References:'011

— Capabilities: Can handle one or several
CASSCF or RASSCEF reference functions.

— Limitations: As for the RASSCF program.

— Performance: 2.3 million CSFs, 406 basis
functions, 2 states: 70 minutes

e &DYNAMIX

— Description: DYNAMIX is a module to per-
form molecular dynamics (MD) simulations
using the velocity Verlet algorithm. It requires

— Computational bottlenecks: Code is parallel. atomic coordinates and velocities as input.

Code depends on DGEMM and Eigenvectors — Capabilities: The nonadiabatic transitions be-
solvers tween different electronic states can be taken
— References " into account using a deterministic algorithm
' or a Tully surface hopping algorithm.
Open Molcas-CheMPS2 interface — Limitations: MD simulations are available

with any methods for which gradients (numer-

— Description: [Open]Molcas—CheMPS2 inter- ical or analytical) are available,

face is an interface between [Open]|Molcas
(&RASSCF and &CASPT2) and the — Performance: It depends on the choice of the
CheMPS2 library. electronic structure method

— Capabilities: 1t computes DMRG-CASSCF
and DMRG-CASPT?2.

— Limitations: In DMRG-CASSCF, up to

— Computational bottlenecks: The cost of single
MD step is determined by a single-point gra-
dient calculation.

CAS(40,40) for general active spaces and — References:'»1?

CAS(100,100) and for one-dimensional ac-

tive spaces. In DMRG-CASPT2, up to o &MPSSI

CAS(30,30). — Description: MPSSI is a module to perform

— Performance: The performance of calcula- state-interaction (SI) calculations for orthog-

tions primarily depends on the performance
of the CheMPS2 library. See CheMPS2 refer-

ences.

onal and non-orthogonal DMRG input wave-
functions of arbitrary spin symmetry (ob-
tained with QCMaquis).



— Capabilities: It can calculate one- and two-

particle transition density matrix elements
as well as spin-(transition-)density matrix el-
ements for orthogonal and non-orthogonal
DMRG input wavefunctions. In the latter
case, a transformation of the MPS wavefunc-
tion to biorthonormal basis is carried out,
hence the name MPSSI. MPSSI supports the
calculation of effective Hamiltonians as well
as the computation of one- and two-electron
properties including spin-orbit (SO) matrix
elements. The resulting SO-coupled wave-
functions can, for example, serve as input
wave functions for the SINGLE_ANISO and
POLY_ANISO module, respectively.

Limitations: Currently, only SI calculations
within C1 point group symmetry orbitals are
possible. The CAS spaces for the input wave
functions have to be of equal dimension (in
terms of # electrons and # of spatial orbitals).

Computational bottlenecks: The transforma-
tion of the MPS to biorthonormal basis re-
quires twice the evaluation of exact matrix-
product operator (MPO) x MPS products for
each spatial orbital. The bond dimension m of
the resulting MPS is the product of the bond
dimension of the MPO (mypo) and that of
the MPS (mumps). Hence, at each step, an
additional compression of the product MPS

S5

— Description: POLY_ANISO allows to use

the semi-ab initio approach for the simula-
tion of the magnetism of poly-nuclear com-
pounds using ab initio results of single-
site fragment calculations (i.e. RASSCF/-
CASPT2/RASSI/SINGLE_ANISO).

Capabilities: Simulation of coupled spectra,
parameters of g-tensor, D tensor, magnetic ex-
change. Thermodynamic magnetic properties:
magnetic susceptibility, molar magnetization,
magnetization torque, Zeeman splitting.

Limitations: Typical calculations are rou-
tinely done up to 5000 coupled functions.
Many large sized arrays allocated inside the
code depend on this number in a quadratic
way.

Performance: The required memory is allo-
cated dynamically and depends (mostly) on
the number of the coupled states included in
the calculation. The computational time is
similar to the SINGLE_ANISO code.

Computational bottlenecks: Computation of
the powder magnetization is the slowest. The
user is advised to adjust the averaging grid
and field points by MAVE and HINT keys, or
to invoke the computation of powder magneti-
zation only when it is necessary. Time is spent

mostly in ZHPEV and ZGEMM operations.

is 3mquired which scales approximately with — References:2%:2!
Mypo-
— References:'* e &RASSCF
o &KNEVPT2 — Description: RASSCF is a multiconfigura-

tional Self-Consistent Field program.

— Capabilities: Tt computes CASSCF, RASSCF,
GASSCF and CASVB wavefunctions. The
code can be interfaced to DMRG codes (QC-
Maquis and ChemPS2).

— Limitations: for CASSCF wavefunction - 16
electrons at 16 orbitals, for RASSCF up to
degenerate NEVPT2 (QD-NEVPT2) calcula- 40 correlated orbitals in RAS1/RAS3 (up to

tions are also supported. Contains a module double excitations) and 8-12 orbitals in RAS2
for a separate massively parallel evaluation of space

the four-particle density matrix (4-RDM).

— Description: NEVPT2 is a module to perform
n-electron valence state second-order pertur-
bation theory (NEVPT?2) calculations

— Capabilities: It can perform NEVPT2 cal-
culations based on a DMRG reference wave-
function obtained with QCMaquis. Quasi-

— Performance: 2.2 million CSFs, 90 basis func-

— Limitations: Currently, on a single node cal- tions: 31 minutes using 10 cores.

culations with up to 12 active orbitals and

in massively parallel 4-RDM evaluation mode, n gogzp Ztatiogal boglggﬁfﬁ Code _is parallel.
calculations with up to 22 orbitals are possi- ode depends on operations

ble. — References:*%%3
— Computational bottlenecks: The 4-RDM is

evaluated exactly, which scales as L® with L
as the number of active orbitals.

o &RASSI

— Description: RASSI computes matrix ele-
— References:1%19 ments, expectation and transition values of
various operators over multiconfigurational
wave functions.

e &POLY_ANISO



— References:

o &SEWARD

— References:

— Capabilities:  Wave functions can be of

CASSCF or RASSCF type and do not need
to be orthonormal. FEnergies and proper-
ties can be computed over orthonormal, non-
interacting linear combinations of the input
wave functions. Hamiltonian operators can
be complemented with spin-orbit operators
of AMFI type from SEWARD, yielding ener-
gies and properties for individual spin states.
Dyson amplitudes can also be obtained.

— Limitations: Similar as for RASSCF program.

— Performance: 2.2 million CSFs, 90 basis func-

tions, 3x3 states: 11 hours

— Computational bottlenecks: Code is parallel.

Code depends on DGEMM operations
24,25

— Description: SEWARD computes one- and

two-electron integrals

— Capabilities: Many type of one-electron inte-

grals are supported. Most integrals are com-
puted analytically. Auxiliary basis sets (den-
sity fitting, RI) and Cholesky decomposition
are available for two-electron integrals. Arbi-
trary angular momentum functions are sup-
ported (up to I = 15 by default). The code is
optimized for general contraction.

Limitations: The generated integrals have to
be stored on disk, although an integral-direct
implementation is available for SCF. Only the
electron repulsion operator is implemented for
two-electron integrals.

Performance: Two-electron integral genera-
tion is parallelized. Timing for 292 basis func-
tions (772 primitives), with RICD: 27 seconds
on single core. Timing for 1076 basis functions
(2702 primitives), with RICD: 7.2 hours on a
single core.

Computational bottlenecks: If not using den-
sity fitting or Cholesky decomposition, writ-
ing to disk the two-electron integrals can be a
significant slowdown.

26-28

e &SINGLE_ANISO
— Description: SINGLE_ANISO computes mag-

netic properties arising from one magnetic
center using the results of a successful
CASSCF(CASPT2)RASSI spin-orbit calcula-

tion

— Capabilities: Computation of the parame-

ters of pseudospin Hamiltonians: g and D-
tensors for any dimension of the pseudospin,

— References:

o &SLAPAF

— References:
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crystal field parameters for lanthanides and
transition metal compounds, temperature de-
pendence of the magnetic susceptibility, tem-
perature and field dependent molar magne-
tization, etc. on the basis of a successful
CASSCF(CASPT2)RASSI spin-orbit calcula-

tion
Limitations: There are no real limitations.

Performance: The code does not use much re-
sources. The required memory is allocated dy-
namically and depends (mostly) on the num-
ber of the spin-orbit states included in the
RASSI calculation. As example, the SIN-
GLE_ANISO step of a calculation on Th3*
free ion CAS=(8 ele. in 7 orb.) involving
1225 spin free roots (leading to 3003 spin-orbit
states after spin-orbit interaction is considered
in RASSI), takes about 30 minutes on a sin-
gle core for the computation of g-tensor, pa-
rameters of the crystal field, zero-field mag-
netic susceptibility and field-dependent mag-
netic susceptibility at 301 temperature points.

Computational bottlenecks: Most of the func-
tions are very fast, usually done in seconds.
Computation of the powder magnetization is
the slowest step since it needs averaging over
directions and field strength points. The user
can adjust the averaging grid and field points
by MAVE and HINT keys. Time is spent
mostly in ZHPEV and ZGEMM operations.
29,30

— Description: SLAPAF is the geometry opti-

mization driver.

Capabilities: It can optimize minima or saddle
points (transition states) on a potential energy
surface. The optimization can be subject to
symmetry or arbitrary constraints. Crossing
points between electronic states of different or
the same spin can also be located. Intrinsic re-
action coordinate and minimum energy paths
can be computed automatically as a series or
constrained optimizations.

Limitations: Gradients (analytical or numeri-
cal) are required from the electronic structure
method. Collective optimization such as the
nudged elastic band method are not yet sup-
ported.

Performance: Usually not more than a few
seconds.

Computational bottlenecks: The electronic
structure calculation (energy and gradient) is
the bottleneck.

3,31-35



S1.A. EMIL language

Input standards for any quantum chemical program is
a complicated matter. A program should get informa-
tion in different formats, such as coordinates of atoms,
basis set data, initial starting point, thresholds, details of
calculations, etc. The order of calculations is also might
vary dependently on the computational task.

Since 2000 Molcas uses a specially designed input lan-
guage, called EMIL (Enhanced Molcas Input Language),
which has elements of a simple computer language. In
fact, an input written on EMIL can be considered as a
simple prototype for shell programming, oriented towards
solving quantum chemical problems. The special efforts
in EMIL are related to a parallel execution of Molcas.

The interpretation of EMIL commands can be per-
formed by several codes, including moclas.plx and py-
molcas.

Here is the list of the elements of EMIL:

e &KMODULE : a command to run module

o >>
mand)

EMIL command (similar to a UNIX com-

e KEY or KEY=VALUE : an input for current mod-
ule

An input is preprocessed before the execution: any
variable started from a $ sign is replaced to a value; any
variable started from a @ sign is replaced by a set of
commands, defined in alias-like library; several signs (;,
=) can be used as a separators. That allows to create
very compact inputs. User can comment parts of input,
by using C and/or C++ style comments.

&SCF /* run SCF code */

CHARGE // keyword for SCF

1 // value for keyword CHARGE
&GRID_IT /* run GRID_IT code */

ALL // keyword for GRID_IT

/* Shorter form */
&SCF; CHARGE=1; &GRID_IT

/* use predefined custom aliaces */

@SCF1; @PLOT

EMIL commands also can be used to combine several
files together, as it shown in the input below:

// Insert a file include.src into input
>>INCLUDE include.inp
// Extract a part of the current file into a
separate file
>>FILE extra.inp
/* the content of
extra.inp */
>>EQF

S7

An important concept of EMIL language, which makes
many UNIX commands looks similar, but operates differ-
ently is related to the directories, used in the calculation.
The directory named CurrDir is the current directory,
where the input file is located. By default, the same di-
rectory will be used to collect the important files after
the calculation (the behavior can be overwritten by Out-
putDir). Another directory, called WorkDir, is used to
store all temporary files. In parallel execution of Molcas,
WorkDir is a common name for all scratch areas, which
can reside at different computers. Thus, for instance, a
copy command, executed in parallel environment, is ex-
ecuted for each WorkDir. Since all EMIL command are
executed from WorkDir, there is no need to specify it.

For most common situations, EMIL provides own set
of commands, listed below:

General Unix-like commands

SHELL : execute a command in serial

EXEC : execute a command in parallel

ECHO : similar to ECHO command in DOS (with value
ON and OFF)

EXPORT: export environment and propagate it to
slaves

EVAL : evaluate a value

Operations with files

COPY : similar to cp command in serial

LINK : similar to ln command in serial

CLONE : distribute a file to all slaves’ scratch
directories

COLLECT: collect a file from all slaves’ scratch
directories

RM : delete a file

Control over the execution

DO WHILE: start a loop, finished by special
condition, e.g. convergence

DO GEO : start a loop for geometry optimization
with user’s defined internal coordinates

FOREACH : start a loop with predefined set of values

IF : conditional execution, based on return
code, existence of a file, or a value

GOTO : jump operator to LABEL
ENDIF : IF statement terminator
ENDDO : Loop terminator

EXIT 1 exit

Finally, some examples for simple input scenario:

/* DFT calculation of water molecule */

&GATEWAY
Coord = Water.xyz
Basis = ST0-3G

&SEWARD

&SCF
KSDFT

B3LYP



/* UHF calculation of H2 dissociation */

>> EXPORT R=0.5
>> FOREACH STEP (1..100)
>> EVAL DIST=$R+$STEP/10
&GATEWAY
Coord
2
H2 molecule
HOOO
H $DIST 0 O
BASIS=AN0-S-VDZP
GROUP=C1
&SEWARD
&SCF
UHF
SCRAMBLE = 0.1
>> ENDDO <<

S2. FRENKEL EXCITONIC HAMILTONIAN

The general expression of the Frenkel Excitonic Hamil-
tonian (comprising sites and site-site coupling terms) can
be connected to the microscopic Hamiltonian of a system
of interacting molecules. In the Born-Oppenheimer ap-
proximation, the Hamiltonian of a two-chromophore sys-
tem composed by molecules having respectively N7 fixed
nuclei (described by the positions R and charges Z) and
ny electrons (positions r, momenta p, and charge of —1),
with I = A, B, is given by:

H: Zi_z"rl 'Izl—i_Z u:|
1,1>1 =H,

Z; Z:7;
- + ‘ (1)

:=VaB

where he indexes i and i (j and j) run over either elec-

trons or nuclei of molecule A (B). The first two terms
(labeled as H4 and Hp, respectively) are responsible for
the quantum mechanical properties of the isolated sites,
while the last term (Vap) is the coupling term between
sites, responsible of the mixing of the local site proper-
ties. This is the sum of different contributions, namely,
the electron-electron part, the nuclear-electron part and
the nuclear-nuclear part.

We are interested in the evaluation of the terms
(aabp|Vap |a/4blg), where a,a’ run over the states of the
monomer A, and b, b’ run over the states of the monomer
B (and |aabg) is a dimer state with molecule A in state
a and molecule B in state b). The various components of
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Vap in eq. (1) can be rewritten3® as follows

1
(aabs| Vi ayb) = / s’ vl (7) oy ()

r—r'|

6aa / d?" ,Obb/ ) Z

€A |R _T/‘
_5bb’/d7’ paa’ (T) Zj
e 371
AYA
+6aa’6bb' - (2)
Rij

ij

where pZ, is the electronic charge density of the electronic
state a of molecule A, and pZ, (r), with a # @/, is the so
called transition charge density related to the transition
between the states a and a’ of molecule A, and similarly
for B. These (transition) densities can be expressed in
terms of the atomic orbitals x, (r) and the (transition)
density matrix between states a and a’ expressed in the

atomic orbital basis, e.g. D;w , so that:

paa’ Z Duu X;A (’I") (3)

In many cases of interest, the most important contribu-
tion is the one that involves transition densities on both
sites (a # a’ and b # ’). This term for example enters to
describe excitation energy transfer processes in which an
excited molecule returns to the ground state while excit-
ing a nearby molecule (e.g., the Forster energy transfer
mechanism).

The implementation in Molcas of Eq. (2) uses exten-
sively the Cholesky infrastructure for the first term of the
equation, removing completely the computational bottle-
neck of the excitonic coupling calculation. The following
tensor intermediates (W) involving the Cholesky vectors
(L) are computed and stored in a manner transparent to
the user:

=Y LD (4)
g

where each vector W has the same length as the length
of the Cholesky vectors.

S2.A. Input example: dimer of acrolein

Note the use of the keywords MONA and MONB for
the separate runs of &RASSI, as well as the actual cou-
plings calculation keyword EXCI in the second &RASSI
input. The use of the keyword GHOST in &CASPT?2 is
highly recommended to avoid overhead in the PT2 cal-
culation due to the use of ghost atoms.

sokkkk SYSTEM A kkkskksk

&GATEWAY



coord=acrolein-A.xyz
coord=acrolein-B.xyz
bsse=2
Basis=ANO-RCC-VDZP
NoMove

Group=Nosym

ricd

&SEWARD
>>> COPY $Project.RunFile AUXRFIL
skkkk SYSTEM B skskoksokk

&GATEWAY
coord=acrolein-A.xyz
coord=acrolein-B.xyz
bsse=1
Basis=ANO-RCC-VDZP
NoMove
Group=Nosym
ricd

&SEWARD
fake ricd

&RASSCF
nactel =
inactive = 12
ras2 = 5
ciroot =55 1

[}
o
o

&CASPT2
multistate =51 2 3 4 5
GHOSTorbitals = 0.1

&RASSI

Nr of Job=15; 1 2 3 4 5
TRD1

MONB

>>> COPY $Project.RunFile AUXRFIL

skkkk SYSTEM A skkskokkk

&GATEWAY
coord=acrolein-A.xyz
coord=acrolein-B.xyz
bsse=2
Basis=ANO-RCC-VDZP
NoMove
Group=Nosym
ricd

&SEWARD
fake ricd

&RASSCF

nactel = 6 0 0

inactive = 12

ras2 = 5

ciroot =4 4 1

fileorb = $Project.GssOrb

59

&CASPT2
multistate = 41 2 3 4
GHOSTorbitals = 0.1

&RASSI

Nr of Job=14; 1 2 3 4
TRD1

MONA

EXCItonic couplings

S3. HOW TO COMPUTE BCHL EXCITATION
ENERGIES

S3.A. First approximate wavefunction input

Assuming that one has the Cartesian coordinates of
a BChl molecule in a file called BChl-coord.xyz (see
the Supporting Information of Ref. 37 for sets of such
coordinates), the first input (Figure S2) to be executed
computes the Hartree-Fock energy of it, and generates a
first approximate wavefunction.

>>> export MOLCAS_MOLDEN=0ON
>>> COPY $CurrDir/BChl-coord.xyz .

&Gateway

Title

BChl molecule

COORD = BChl-coord.xyz

BASIS = ANO-RCC-VDZP
Group = NOSYMM

RICD

&Seward

&SCF

CHARGE = 0

FIG. S2. Input to generate a SCF wavefunction.

The obtained wavefunction has 169 doubly occupied
molecular orbitals (MO).

S3.B. Second approximate wavefunction input

To speed up the calculation, the first 51 MOs, corre-
sponding to the heavy atoms 1s and Mg 2s, 2p,., 2p,, 2p.
core orbitals, can be kept frozen. This leaves 107 inactive
MGOs, followed by 13 fully occupied MOs to be included
in RAS1. Thus, the second, approximated wavefunction
is produced by a RASSCF calculation that employs 13
MOs in RAS1, 0 MOs in RAS2, 12 MOs in RAS3, 2 holes
in RAS1, 2 excitations in RAS3, and a 2-roots state av-
eraging procedure.



The starting wavefunction is read from the file
$Project.InpOrb, which is a copy of the previously
obtained $Project.ScfOrb. In the following example
(Figure S3), 5 MOs are exchanged through the ALTER
keyword, following visual inspection of the previously
obtained $Project.scf.molden file. Furthermore, 2
RASSCF calculations are performed one after the other,
again to speed up the overall procedure. The first
RASSCEF input has a relatively large level shift value of
0.5, while the second has a more production-quality level
shift value of 0.1. Finally, slightly more loose than de-
fault threshold values are employed for the convergence
of the wavefunction.

S3.C. Final RASSCF wavefunction input

Finally, the active space orbitals are re-ordered ac-
cording to the average of their occupation numbers in
both roots. This is achieved by manually modifying the
$Project.Ras0rbd file, changing the order of the orbitals,
and saving the new file as the InpOrb file for the next cal-
culation. The final active space is built by including 11
MOs in RAS1, 4 MOs in RAS2, 10 MOs in RAS3, 3 al-
lowed holes in RAS1 and 3 allowed excitations in RAS3,
still employing a 2 roots state averaging procedure. The
corresponding input is reported in Figure S4.

S3.D. MS-RASPT2 and RASSI inputs

Once the final wavefunction is obtained, the corre-
sponding JobIph file is copied as input for the final 3
calculations. The first 2 calculations (due to the inputs
shown in Figures S5 and S6) can be run simultaneously,
in a “job-farming” manner. Each calculation computes
the RASPT2 energy of only 1 root, and its Effective
Hamiltonian Coupling terms to the other. In both cases,
the highest in energy 369 virtual MOs are excluded us-
ing the DELETED keyword, so as to reduce the calculation
time.

Once both calculations are done, it is possible to
run the MS-RASPT2 calculation (Figure S7), which
takes as input the computed couplings. RASSI computes
transition dipole moment (and corresponding oscillator
strength and components) and transition quadrupole mo-
ment (and corresponding oscillator strength and compo-
nents) for the Sy to S; electronic excitation.
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>>> export MOLCAS_MOLDEN=0ON
>>> COPY $CurrDir/BChl-coord.xyz .
>>> COPY $CurrDir/$Project.InpOrb INPORB

&Gateway

Title

BChl molecule

COORD = BChl-coord.xyz

BASIS = ANO-RCC-VDZP
Group = NOSYMM
RICD

&Seward
&RASSCF
LUMORB

SPIN = 1
FROZEN = 51
INACTIVE = 107
RAS1 = 13

RAS2 = 0

RAS3 = 12

NACTEL = 26 2 2

LEVSHIFT = 0.5

CIROOT =2 2 1

ALTER = 5

1 164 154

1 163 153

1 162 151

1 161 149

1 160 147

THRS = 0.100E-03 0.100E+00 0.500E-03

&RASSCF

JOBIPH
CIRESTART

SPIN =1

FROZEN = 51
INACTIVE = 107
RAS1 = 13

RAS2 = 0

RAS3 = 12
NACTEL = 26 2 2
LEVSHIFT=0.1
CIROOT =2 2 1
THRS = 0.100E-03 0.100E+00 0.500E-03

FIG. S3. Input to generate a singles-and-doubles RASSCF
wavefunction.
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>>> export MOLCAS_MOLDEN=0ON
>>> COPY $CurrDir/BChl-coord.xyz .
>>> COPY $CurrDir/$Project.InpOrb INPORB

&Gateway

Title

BChl molecule

COORD = BChl-coord.xyz
BASIS = ANO-RCC-VDZP
Group = NOSYMM

RICD

&Seward

&RASSCF
LUMORB
SPIN =1
FROZEN
INACTIV
RAS1 =
RAS2 =

= 51
E =
1
4
RAS3 = 10
T
0

107
1

NACTEL
LEVSHIF
CIROOT
THRS =

26 3 3

=0.1

221

.100E-03 0.100E+00 0.500E-03

FIG. S4. Input to generate the final RASSCF wavefunction.

/**x*x Input for Root 1 **x*x/

>>> export MOLCAS_MOLDEN=0ON
>>> COPY $CurrDir/BChl-coord.xyz .
>>> COPY $CurrDir/$Project.Job0ld JOBIPH

&Gateway

Title

BChl molecule

COORD = BChl-coord.xyz
BASIS = ANO-RCC-VDZP
Group = NOSYMM

RICD

&Seward

&CASPT2

DELETED = 369
IMAGINARY = 0.1
MULTISTATE = 2 1 2
ONLY root =1

FIG. S5. Input to compute the RASPT?2 energy of the ground
state and its contribution to the effective Hamiltonian cou-
plings.

/**x*x Input for Root 2 ***x/

>>> export MOLCAS_MOLDEN=0ON
>>> COPY $CurrDir/BChl-coord.xyz .
>>> COPY $CurrDir/$Project.Job0ld JOBIPH

&Gateway

Title

BChl molecule

COORD = BChl-coord.xyz
BASIS = ANO-RCC-VDZP
Group = NOSYMM

RICD

&Seward

&CASPT2

DELETED = 369
IMAGINARY = 0.1
MULTISTATE = 2 1 2
ONLY root = 2

FIG. S6. Input to compute the RASPT2 energy of the first
electronically excited state and its contribution to the effective
Hamiltonian couplings.
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>>> export MOLCAS_MOLDEN=0ON
>>> COPY $CurrDir/BChl-coord.xyz .
>>> COPY $CurrDir/$Project.Job0ld JOBIPH

&Gateway

Title

BChl molecule

COORD = BChl-coord.xyz
BASIS = ANO-RCC-VDZP
Group = NOSYMM

RICD

&Seward

&CASPT2

DELETED = 369

IMAGINARY = 0.1

MULTISTATE = 2 1 2

EFFEctive Hamiltonian Couplings

—-2257.99494868 0.00030943
0.00093786 -2257.93315282

>>COPY $Project.JobMix JOBOO1

&RASSI

EJOB

Property

9

’Mltpl 1’ 1 ’Mltpl 1’ 2 ’Mltpl 1’ 3
’Mltpl 2° 1 °Mltpl 2’ 2 ’Mltpl 2’ 3
’Mltpl 2’ 4 ’Mltpl 2’ 5 ’Mltpl 2’ 6
MEIN

MEES

FIG. S7. Input to compute the MS-RASPT2 energy of the
system, transition dipole moments and their components and
transition quadrupole moments and their components for the
computed Sp to Sy electronic excitation.



S4. X-RAY ABSORPTION CALCULATIONS & FROM
RASSI STATES TO NBO

A set of [Open|Molcas input examples for calculating
the Np My s-edge X-ray absorption near edge structure
(XANES) spectrum of neptunyl (NpO3*) with RAS-SO,
as well as a Jupyter Notebook example, that can be used
to generate NBO FILEA47 inputs from RASSI states.

S4.A. Np M, s-edge XANES in NpO3™

1) A SEWARD calculation is performed (Figure S8)
and the scratch directory is saved for further use. 2)
Upon wish, a state-averaged RASSCF calculation can
be performed for the seven NpO%‘L ungerade, spin-
doublet states with a minimal active space (NpVl-5f!,
RASSCF(1le, 70), see Figure S9), or a larger one, starting
either from the guess orbitals produced by SEWARD or
from some restricted KS-DFT or HF orbitals converged
for NpO3™. The RASSCF(1e, 7o) orbitals can be saved
in the home directory or elsewhere for further use. 3) The
orbitals produced by the previous RASSCF(le, 70) cal-
culation can be inspected with LUSCUS (via the ‘.lus’
file) and a new orbital file (e.g. ‘orbs.GvOrb’) can be
generated with the Np 3d'0 shell added to RAS1. The
valence, Np-centered, nonbonding ¢ and § orbitals can be
added to RAS2. The antibonding 7* and ¢* orbitals can
be added to RAS3. First, the valence seven spin-doublet
states are calculated with an active space comprising 11
electrons and 12 orbitals (3d!° plus 5f') as shown in
Figure S10, 4) the 200 core-hole spin-doublet states are
calculated as shown in Figure S11, and 5) the 90 core-
hole spin-quartet states are calculated as shown in Figure
S12. 6) The RASSI calculation is performed (see Figure
S13) to introduce spin-orbit coupling and calculate tran-
sition dipoles (and additionally other multipoles). The
SONORB keyword is used to obtain orbital files (with
the extension ‘.SOOrb.x’) to be used in the production
of NBO FILEA47 inputs by eXatomic. In the sample input
below, the $Project.SOOrb.1 and $Project.SOOrb.2 or-
bital files will be produced for the ground state Kramers
pair (RASSI states 1 and 2). Such orbital files can be
obtained for any RASSI state of interest as soon as the
state indexes are correctly given. 7) The Np M, 5-edge
XANES can be generated from the RASSI output with
any software / scripts of choice.

S4.B. Running eXatomic

Instructions for downloading and installing eX-
atomic can be found at:  hitps://github.com/exa-
analytics/exatomic.git. The ingredients needed to gener-
ate NBO FILE47 input files from RASSI states are 1) the
orbital file produced with the RASST ‘SONORB’ keyword
for the RASSI state of interest, 2) the SEWARD output
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&SEWARD

Title=NEPTUNYL, seward calculation

High Cholesky

BSSHOW

RO2E00

Symmetry=XYZ

Basis set

Np.ANO-RCC-VTZP

Np1 0.00000000
angstroms

end of basis

Basis set

0.ANO-RCC-VTZP

01 0.00000000
angstroms

End of basis

Angmom=0.0 0.0 0.0

0.00000000 0.00000000

0.00000000 1.75000000

AMFI

* run a simple restricted KS-DFT calculation
* (or a RHF one if wished) for neptunyl(3+)

* to obtain guess orbitals that can be used

* in a subsequent CASSCF calculation

&SCF

Charge=3

KSDFT=PBE

* Run GRID_IT to generate a $Project.lus file,
* containing the ScfOrbs produced above,
* that can be handled with LUSCUS.

>> COPY $Project.ScfOrb INPORB

&GRID_IT
A1l

FIG. S8. Input for a SEWARD and a KS-DFT calculation on
NpO3*.

file containing the basis set information (exponents, con-
traction coefficients), and 3) some ‘h5’ file containing
the overlap matrix (could be the $Project.rassi.hb file
for example). eXatomic currently does not make use of
symmetry. If symmetry was used in the calculations, the
‘SOOrb.x’ orbital files can be de-symmetrized with the
EXPBAS module of MOLCAS/OpenMolcas. A Jupyter
notebook example showing how eXatomic can be used to
generate NBO FILEA47 files from RASSI states is shown
in Figure S14. It also illustrates how to plot NLMOs of
interest from NBO FILE39 files.
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/* the non-expert user can prepare a set of input >> COPY $CurrDir/orbs.GvOrb INPORB
orbitals (INPORB)
* from the $Project.ScfOrbs with the LUSCUS program &RASSCF
and use it Linear
* here together with the Typelndex keyword. Spin=2
Otherwise, the CAS input Symmetry=2
* should be specified manually: Inactive=25 27; nActEl=11 1 1
RAS2= 0 7 */ Typeindex
CIRoots=7 7 1
>> COPY $CurrDir/orbs.GssOrb INPORB Iter=100 100
LUMORB
&RASSCF ORBListing=all
Linear ORBAppear=compact
Spin=2
Symmetry=2 * Supersymmetry is used to confine
nActEl=1 0 O * the Np 3d core-orbitals to RAS1
/* the non-expert user would use the TypeIndex SupSym=1; 564 56 7 8; 0
keyword to read
* the orbital information defined during the >> COPY $Project.RasOrb
* preparation of the INPORBs */ $CurrDir/$Project-cas1112-ud.RasOrb
>> COPY $Project.JobIph
Typeindex $CurrDir/$Project-cas1112-ud. JobIph

CIRoots=7 7 1
Iter=100 100
LUMORB FIG. S10. Input for a CASSCF(11e,120) calculation for the
ORBListing=all 3d'%5f' valence spin-doublet states of NpO2+,
ORBAppear=compact

>> COPY $Project.RasOrb
$CurrDir/$Project-cas17-7d.RasOrb

>> COPY $Project.JobIph
$CurrDir/$Project-cas17-7d.JobIph

>> COPY $Project.RasOrb INPORB

i(llliLID_IT >> COPY $CurrDir/orbs.GvOrb INPORB
&RASSCF
Linear
FIG. S9. Input for a CASSCF(le,70) calculation for the 5f* Spin=2
valence spin-doublet states of NpOZT. Symmetry=1
nActEl=11 1 1
Typeindex

CIRoots=200 200 1
Iter=100 100

LUMORB

ORBListing=all
ORBAppear=compact
SupSym=1; 54 56 7 8; 0

>> COPY $Project.RasOrb
$CurrDir/$Project-cas1112-gd.RasOrb

>> COPY $Project.JobIph
$CurrDir/$Project-cas1112-gd. JobIph

FIG. S11. Input for a CASSCF(11e,120) calculation for the
3d°5f? spin-doublet core-excited states of NpO2™.
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>> COPY $CurrDir/orbs.GvOrb INPORB

&RASSCF

Linear

Spin=4

Symmetry=1
nActEl=11 1 1
Typeindex
CIRoots=90 90 1
Iter=100 100
LUMORB
ORBListing=all
ORBAppear=compact
SupSym=1; 54 56 7 8; 0

>> COPY $Project.RasOrb
$CurrDir/$Project-cas1112-gq.RasOrb

>> COPY $Project.JobIph
$CurrDir/$Project-cas1112-gq. JobIph

FIG. S12. Input for a CASSCF(11e,120) calculation for the
3d°5f2 spin-quartet core-excited states of NpO2™.

>> COPY $CurrDir/$Project-caslil12-ud.JobIph JOBOO1
>> COPY $CurrDir/$Project-cas1112-gd.JobIph JOB0O2
>> COPY $CurrDir/$Project-casl112-gq.JobIph JOBOO3

&RASSI

NROF=3 all
SPINORBIT
SONORB=2; 1; 2
PROPerties=13
’AngMom’ 1
’AngMom’ 2
’AngMom’ 3
’Mltpl 0O’
’M1tP1 1°
’M1tP1 1°
’M1tP1 1°
’M1tP1 2°
’M1tP1 2°
’M1tP1 2°
PM1tP1 2°
’M1tP1 2°
’M1tP1 2°
HEFF

MEES

MESO

PRPR

DU WNRFE WN P

FIG. S13. Input for a RASSI (RASSCF+SOC) calculation
NpO32™" using the wavefunctions converged for the 3d'°5f' va-
lence states and for the 3d°5f% core-excited states.

In[1]:

import exa

import exatomic

import pandas as pd

import numpy as np

import os

from exatomic import UniverseWidget as UW

from exatomic.algorithms.orbital import
add_molecular_orbitals

from exatomic import molcas

adir =
"/Users/clausserg/Documents/From_RUSH/neptunyl/"

In[2]:

uni = exatomic.molcas.Output(adir +
"neptunyl-seward.out")

# in this example we use RASSI GS orbitals

# desymmetrized from Ci symmetry with EXPBAS.

uni.add_orb(adir + "neptunyl.S00Orb.1.DeSymOrb")

# overlap (C1 symmetry) is needed to obtain NBO
file47 input

uni.overlap = molcas.HDF(adir +
"neptunyl.h5") .overlap

uni = uni.to_universe()

In[3]:

from exatomic import nbo

nbo = exatomic.nbo.Input.from_universe(uni)

In[4]:

nbo.write(adir + "neptunyl.S00rb.1.FILE47")

In[5]:

# plot nbo/nlmos from file37/file39 files

uni =

exatomic.molcas.Output(adir +
’neptunyl-seward.out’).

to_universe()
orbs = exatomic.nbo.output.MOMatrix(adir +
’neptunyl.S00rb.1.FILE39’)

orbs.parse_momatrix(len(uni.basis_set_order.index))

uni.momatrix = orbs.momatrix

uni.orbital = orbs.orbital

In[6]:

# plot nlmos of interest, replace the nlmol,

# nlmo2 etc below with the NLMO indexes of interest.

uni.add_molecular_orbitals(vector=[nlmol, nlmo2,
etc],

field_params={’rmin’:-15, ’rmax’:15,
’nr’:803})
UW(uni)

FIG. S14. Example of a Jupyter notebook showing how eX-
atomic can be used to produce NBO FILEA47 input files from
RASSI states.



$5. a-ARM PROTOCOL

The a-ARM protocol is constituted by Phase I, input
file generator and Phase II, QM/MM model generator,
as shown in Figure S15. In the first step of Phase I, a
user-provided, rhodopsin structure in pdb format is elab-
orated, so as to choose a suitable chain, residue confor-
mations and presence of water molecules. In the second
step, the program Fpocket?® is used to locate the residues
surrounding the chromophore, and thus constituting its
cavity. If requested, the protocol can generate variants by
exploiting the backbone-dependent rotamer library im-
plemented in the software SCWRL4.?° During step 3,
the protocol assigns protonation states to the ionizable
residues, based on the results provided by the program
PROPKA,* and a user-provided pH value. Following
the spatial distribution of charged residues, counterions
are placed around the protein in step 4, thus arriving at
the final ARM input.

Phase II takes the previously generated input to per-
form the actual calculations, as described in the main
text. After two preliminary steps based on using the
programs Dowser®! (step 1) and Gromacs*? (step 2), the
protocol performs the actual QM/MM calculations em-
ploying [Open]Molcas and Tinker, as detailed in the main
text. Further details can also be found in ref. 43.

A Phase |: Input File Generator

Mutation Step 3 Step 4

‘PDBID/File: | FPOCKET : | SCWRLa PROPKA Putlon ARM input

...... l ] ’ l ——
cavity

Initial setup { ituti i Counter-i

lof the working of the rPSB|—— | of selected |— | of ionization Placement —

PDB file cavity residues states
Optimization
Yes mutated PpH based
side-chains

No

B Phase Il: QW/MM Model Generator

1 2
DOWSER | GROMACS
ARM input
PDBARM + e
cavity %a's’:gﬁellggrg' MM Minimization OPT HF/3-21G
‘i:g‘etrarl:‘% ‘r;acmlst; 10 samples MD OPT CASSCF/3-21G
— +—| room temperature |— -
hy dré ens lor olar relaxations on sde- tS)PPT %A?(SMCSFIZ:;iTZI
5 rgesiduesp D) Lt

1 PDB to DOWSER format ARM output

2 DOWSER to GROMACS format 10 repetitions «-ARM

GROMACS to PDB format/ ~Qwmm
PDB to TINKER xyz format Optimized Geometries

Average of 10 AEs;.go

FIG. S15. General workflow of the a-ARM protocol for
the generation of QM/MM models of wild-type and mutant
rhodopsins. The a-ARM protocol comprises two phases: (A)
input file preparation phase, (B) QM/MM model generator
phase.
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N o

dp +T%, da =T, da_pe dy,  dy+Tr% dy,—TrH

No— W — —

179 023 196 196 156 048 0.04

CoP-0, 2A" % o % % % + =

163 040 198 197 196 1.04 0.05

e

1.78 025 198 197 197 1.03 0.05

FeP-0O, A’

[Co(corrin)(Im)-O,]* 2A

FIG. S16. Electron configurations and DMRG natural orbital
occupation numbers (NOONs) of '[FeP-Os], 2[CoP-0Oz], and
2[Co(corrin)(ITm)-O2] ™

S6. ELECTRONIC STRUCTURE AND ENERGETIC
PROPERTIES CALCULATED WITH DMRG-CASPT2 —
COMPUTATIONAL DETAILS

All  geometries were obtained using the BP86
functional,***> Stuttgart effective-core potentials (ECP)
and the associated basis set ECP-10-MDF46 for the metal
atom, and the 6-31G(d) basis set for the ligand atoms.
The calculations were done with the TURBOMOLE v.7.3
program package.*” Only the ground states of the metal
macrocycles and the adducts were considered, i.e. 3FeP,
2CoP, 2[Co(corrin)(Im)]*, 1[FeP-03], 2[CoP-0s], and
2[Co(corrin)(Im)-O2]T. The electron configurations of
the adducts are shown in Figure S16.

In DMRG calculations, the chosen active spaces were
based on a previous work.*® The active space of M-Oq
consists of 19 active orbitals: five (predominantly) metal
3d orbitals; two pairs of orbitals describing the Os 7
bond, denoted as m | -4 (perpendicular to the macrocy-
cle) and 7r||777r|‘ (parallel with the macrocycle); one pair
of orbitals describing the Oz o bond, denoted as o2,-03,;
one o);_N orbital describing the covalent interaction be-
tween the metal center and the four N ligand atoms; and
7 ‘double-shell’ orbitals of either metal and O5. For MP,
we used an active space consisting of 11 orbitals: five
metal 3d orbitals, five ‘double-shell’ metal 3d’" orbitals,
and the op_n orbital. In [Co(corrin)(Im)]™, one 3d’ is
removed since it rotates out of the active space. For
O2, we used a CAS(8,10): one o2,-03, pair, two ma,~73,
pairs, and four ‘double-shell’ 73, and 73, orbitals.

Standard DMRG-CASPT2[m = 2000] (with m num-
ber of renormalized states) calculations were done with
the ANO-RCC type basis sets: [7s6p5d3f2glh] for the
metal atom;*” [4s3p2d1f] for C, N, and O;°° and [3s1p] for
H.%! Cholesky decomposition technique? with a thresh-
old of 1076 au were employed. Scalar relativistic effects
were included using a standard second-order Douglas-
Kroll-Hess (DKH) Hamiltonian.?3 %%

In the PT2 treatment, we used the standard ionization
potential electron affinity (IPEA) shift?¢ of 0.25 au. and



Om-n
1.973
O2p O*2p
1.953 0.049
m, dy, dytmy dy.—my T3p
1.962 1.971 1.967 1.951 0.014
d+rrk d—Trk w3,
1.777 0.247 0.008

dyy d'eye d',
0.048 0.017 0.019

FIG. S17. Active orbitals and their natural orbital occupation
numbers (NOONSs) in ?[Co(corrin)(Im)-Os] ™

TABLE S1. 3s3p correlation contributions to the binding of
O2 to MP and [Co(corrin)(Im)]* (in kcal/mol), calculated
with UKS-UCCSD and UKS-UCCSD(T). UKS = UB3LYP.
Coupled-cluster calculations were done with Orca 4.0.%°

FeP-O; CoP-02 [Co(corrin)(Im)-Os]"
UCCSD -0.7 —0.2 —0.1
UCCSD(T) 0.1 0.3 0.3

an imaginary shift®” of 0.1 au. Only valence electrons
were correlated. The semicore electrons (3s and 3p elec-
trons) of the metal atom were kept frozen since we found
that their contributions to the relative energies are lim-
ited (calculated at the UKS-UCCSD(T) level of theory,
see Table S1). We note that in the previous study*® a sig-
nificantly larger 3s3p correlation effect was obtained for
FeP-O5 with ROHF-RCCSD(T). The difference between
both results may be explained by the strong multiconfig-
urational character of the FeP—O4 ground state, reducing
the reliability of the ROHF-RCCSD(T) approach.®®

The binding enthalpies of O to MP and
[Co(corrin)(Im)]™ include the following contribu-
tions: the binding energy at the DMRG-CASPT2
level, counterpoise correction (CP) for the basis set
superposition error, and thermal correction calculated
at the DFT level (Table S2).

The nature of the M—Os bond is analyzed by the

S17

TABLE S2. Calculated standard binding enthalpy
AHpPumra—caspre (in keal/mol) of Oz to MP (M = Fe, Co)
and [Co(corrin)(Im)]*

FeP-O, CoP-0s [Co(corrin)(Im)-O]"

CP correction —4.67 —4.51 —5.43
Thermal correction —0.76 —0.78 —1.22
AHBMRG_CASPTS 8.17 4.11 9.34

TABLE S3. Diradical character Y (in %) of MP-Oy (M =
Fe, Co) and [Co(corrin)(Im)-Os] ™.

FeP-O; CoP-02 [Co(corrin)(Im)-Os]"
Y, 22 39 23
Y| 46 - -

DMRG natural orbital occupation numbers (NOONS)
and the diradical character Y; of a bond :
Y, = (1— 2520 - 100%

with n* and n~ the NOON of the bonding and anti-
bonding molecular orbitals, respectively. Two values of
diradical character were calculated: Y| related to the =
bond dmﬂrl”l‘ and Y related to the o bond d 2~ . The
large values of diradical character shown in Table S3 indi-
cate that the wave function of FeP—Os is a mixture of the
dominant Weiss 2Fe!'l-20; structure and the McClure-
Goddard 3Fe''-30, configuration. Similarly, CoP-Oy
and [Co(corrin)(Im)-O2]* can be described as a mixture
of a major 1Co™-20; and a minor 2Co!-30,.

S7. SELECTION OF ACTIVE SPACE WITH EXPBAS
UTILITY

S7.A. Introduction

Selecting active spaces in Molcas can be made simple
by using ANO basis sets and Molcas’ EXPBAS module
(written by B.O. Roos). EXPBAS uses the knowledge
about the structure of ANO-type basis set and trans-
forms an orbital file, computed with a small basis set
into one, corresponding to a larger basis set. There is
a twofold advantage to doing this while selecting active
spaces. First, the virtual orbitals are far more localised
and ”chemical” when using a minimal basis, allowing eas-
ier identification of relevant orbitals; second, the compu-
tational time is much reduced, meaning that the obtained
active space can be diagnosed much quicker than when
using a large basis set. This example will work with
ANO-RCC, but any ANO-type basis set could be used
in a similar fashion, for instance the upcoming ANO-R
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Fe -0.000000 0.000000 0.000000
N -1.412573 -1.412573 0.000000
C 3.437277 -0.000000 0.000000
¢ -0.000000 -3.437277 0.000000
C 2.504407 -3.473828 0.000000
C 3.473828 -2.504407 0.000000
¢ 1.233048 -2.789799 0.000000
C 2.789799 -1.233048 0.000000
H 4.531268 0.000000 0.000000
H 0.000000 -4.531268 0.000000
H 4.557963 -2.625070 0.000000
H 2.625070 -4.557963 0.000000
N -1.412573 1.412573 0.000000
N 1.412573 -1.412573 0.000000
N 1.412573 1.412573 0.000000
¢ -3.437277 0.000000 0.000000
¢ 0.000000 3.437277 0.000000
C 2.504407 3.473828 0.000000
¢ -2.504407 -3.473828 0.000000
C -2.504407 3.473828 0.000000
¢ 3.473828 2.504407 0.000000
C -3.473828 -2.504407 0.000000
C -3.473828 2.504407 0.000000
¢ 1.233048 2.789799 0.000000
C -1.233048 -2.789799 0.000000
¢ -1.233048 2.789799 0.000000
C 2.789799 1.233048 0.000000
C -2.789799 -1.233048 0.000000
¢ -2.789799 1.233048 0.000000
H -4.531268 0.000000 0.000000
H 0.000000 4.531268 0.000000
H 4.557963 2.625070 0.000000
H -4.557963 -2.625070 0.000000
H -4.557963 2.625070 0.000000
H 2.625070 4.557963 0.000000
H -2.625070 -4.557963 0.000000
H -2.625070 4.557963 0.000000

FIG. S18. Cartesian coordinates of FeP 3A2g

basis set.

This text will explain a useful strategy for using EXP-
BAS in Molcas, with [Co(H,0)(OH),] as a model system.
For the purpose of this example, it will be assumed that
the [Co(OH),]-subsystem is a minimal cluster model of a
Co30, surface where the hydrogens are both terminators
as well as ensuring charge neutrality, as the Co has a for-
mal oxidation state of +III. The H,O molecule represents
an adsorbed water which is interacting with this surface.
As we are interested in the Co-H,O interaction, we make
the initial assumption that we only need an active space
on the Co-H,O subsystem and that we can partition the
basis set, using ANO-RCC-VQZP on Co and H,O while
we can be satisfied with -VDZP on the OH -ligands in
order to reduce the total amount of basis functions.

In order to obtain the targeted active space we will
have to do (at least) three different calculations, 1) an
initial HF/DFT calculation in a small basis to obtain
some orbitals from which to select the active space, 2) a

Fe -0.035477 0.001436 0.000000
0 -0.005914 -1.808768 0.000000
0 1.107650 -2.438912 0.000000
N 1.362796 0.250373 1.409282
N 1.362796 0.250373 -1.409282
N -1.463257 0.160510 1.408574
N -1.463257 0.160510 -1.408574
C 1.181755 0.225776 2.784175
¢ 1.181755 0.225776 -2.784175
C 2.739197 0.307341 1.231533
C 2.739197 0.307341 -1.231533
¢ 3.421596 0.333840 2.503499
C 3.421596 0.333840 -2.503499
¢ 2.452072 0.282953 3.469865
C 2.452072 0.282953 -3.469865
C -2.841076 0.165785 1.231129
C -2.841076 0.165785 -1.231129
C -3.523986 0.171659 2.503559
¢ -3.523986 0.171659 -2.503559
C -2.553811 0.162097 3.470407
¢ -2.5563811 0.162097 -3.470407
C -1.282189 0.154233 2.785129
C -1.282189 0.154233 -2.785129
¢ -3.489024 0.165274 0.000000
C -0.049760 0.168345 3.430778
¢ -0.049760 0.168345 -3.430778
C 3.385639 0.330261 0.000000
H -0.048987 0.157159 4.524646
H -0.048987 0.157159 -4.524646
H -2.671491 0.167468 4.554832
H -2.671491 0.167468 -4.554832
H -4.607891 0.187748 2.623715
H -4.607891 0.187748 -2.623715
H -4.582888 0.166326 0.000000
H 4.478863 0.368105 0.000000
H 4.504139 0.388212 2.624084
H 4.504139 0.388212 -2.624084
H 2.569176 0.284253 4.554361
H 2.569176 0.284253 -4.554361

FIG. S19. Cartesian coordinates of FeP—-O, 1A’

CASSCEF calculation in the small basis to ensure that the
active space is stable and 3) a final CASSCF calculation
in the full basis following the use of EXPBAS.

S7.B. Selecting the smallest reasonable basis set

Since the whole point of using EXPBAS is to start
with an as small basis as possible, the first thing to do
when selecting active spaces using this module is to think
about what type of active space you are after. If the ac-
tive space of interest is formed purely from bonding and
antibonding orbitals, not much thinking has to be done
since such an active space can be described directly by
a minimal basis and one can thus just set 'basis=ANO-
RCC-MB’ in GATEWAY and everything will work out
fine. If there is reason to suspect that lone-pair electron-
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Co 0.000000 -0.000000 0.000000
N 1.404637 -1.404637 0.000000
C 0.000000 3.432564 0.000000
¢ 3.432564 0.000000 0.000000
¢ 3.467401 2.499876 0.000000
C 2.499876 3.467401 0.000000
¢ 2.782453 1.228012 0.000000
C 1.228012 2.782453 0.000000
H 0.000000 4.526328 0.000000
H 4.526328 0.000000 0.000000
H 2.615892 4.551928 0.000000
H 4.551928 2.615892 0.000000
N -1.404637 -1.404637 0.000000
N 1.404637 1.404637 0.000000
N -1.404637 1.404637 0.000000
C 0.000000 -3.432564 0.000000
¢ -3.432564 0.000000 0.000000
C -3.467401 2.499876 0.000000
¢ 3.467401 -2.499876 0.000000
C -3.467401 -2.499876 0.000000
¢ -2.499876 3.467401 0.000000
C 2.499876 -3.467401 0.000000
C -2.499876 -3.467401 0.000000
¢ -2.782453 1.228012 0.000000
C 2.782453 -1.228012 0.000000
¢ -2.782453 -1.228012 0.000000
C -1.228012 2.782453 0.000000
C 1.228012 -2.782453 0.000000
¢ -1.228012 -2.782453 0.000000
H 0.000000 -4.526328 0.000000
H -4.526328 -0.000000 0.000000
H -2.615892 4.551928 0.000000
H 2.615892 -4.551928 0.000000
H -2.6156892 -4.551928 0.000000
H -4.551928 2.615892 0.000000
H 4.551928 -2.615892 0.000000
H -4.551928 -2.615892 0.000000

FIG. S20. Cartesian coordinates of CoP 2A1g

s/nonbonding orbitals are of interest, however, then a
minimal basis will not suffice, as such orbitals often re-
quire a secondary shell in order to be properly correlated.

In the model that we are considering here, we are tar-
geting an active space which can describe the interaction
between Co and H,O. A simple guess for such an active
space would be to include the 3d-orbitals of Co and the
valence orbitals of H,O formed from oxygens 2p-orbitals.
This would correspond to 8 orbitals, of which only two
are bonding orbitals, as one of the 2p-orbitals is non-
bonding in H,O. To properly correlate the 3d-orbitals
and the H,O nonbonding orbital, we would thus need to
add a secondary orbital shell on Co and the oxygen in
H,0, giving a total active space of (16,12).

The brute-force approach to include the additional set
of orbitals would be to simply employ ANO-RCC-VDZ
since that basis contains all necessary orbitals. Such a
strategy does, however, generate a lot of unnecessary vir-
tual orbitals which, due to the increased number of ba-

Co -0.018387 0.000000 0.027299
0 -0.005998 0.000000 1.936660
0 1.10561563 0.000000 2.546691
N 1.374254 1.404584 -0.162897
N 1.374254 -1.404584 -0.162897
N -1.432265 1.403943 -0.076688
N -1.432265 -1.403943 -0.076688
¢ 1.195751 2.776517 -0.255010
¢ 1.195751 -2.776517 -0.255010
C 2.746798 1.228896 -0.086935
C 2.746798 -1.228896 -0.086935
¢ 3.433398 2.498998 -0.144624
C 3.433398 -2.498998 -0.144624
¢ 2.468122 3.461548 -0.265265
C 2.468122 -3.461548 -0.265265
C -2.801901 1.228352 0.052796
C -2.801901 -1.228352 0.052796
C -3.490425 2.498259 0.020042
¢ -3.490425 -2.498259 0.020042
C -2.531066 3.460935 -0.140241
¢ -2.531066 -3.460935 -0.140241
C -1.259418 2.776332 -0.183046
C -1.259418 -2.776332 -0.183046
¢ -3.446195 0.000000 0.145834
C -0.033802 3.424025 -0.285492
¢ -0.033802 -3.424025 -0.285492
C 3.393109 0.000000 -0.015364
H -0.036174 4.515142 -0.360073
H -0.036174 -4.515142 -0.360073
H -2.652544 4.541924 -0.219287
H -2.652544 -4.541924 -0.219287
H -4.572246 2.615588 0.093855
H -4.572246 -2.615588 0.093855
H -4.535236 0.000000 0.246607
H 4.484879 0.000000 0.049400
H 4.517164 2.616735 -0.112094
H 4.517164 -2.616735 -0.112094
H 2.585691 4.543006 -0.343605
H 2.585691 -4.543006 -0.343605

FIG. S21. Cartesian coordinates of CoP—O5 2A’

sis functions, become fairly delocalised, making it hard
to identify the actual orbitals of interest. A more ele-
gant strategy is to remember that in Molcas, basis set
names such as ANO-RCC-XXXX are actually alias’ used
to simplify input. For example, ANO-RCC-MB is an
alias for ANO-RCC...4s3pld and -VDZ for ...5s4p2d for
Co. The input will accept any number of combinations
of contracted functions, so rather than using the full -
VDZ contraction, we can set the Co basis set to be ANO-
RCC...4s3p2d instead, meaning that we are only adding
the basis functions which we think are necessary to corre-
late the Co 3d-orbitals, namely the Co 4d-orbitals. Sim-
ilarly, for the nonbonding H,O-orbital which, in essence,
is an oxygen 2p-orbital, we can just expand the basis
set of the oxygen in H,O to ANO-RCC...2s2p to add
3p-orbitals to it. Since we have more than one oxygen
in the complex and we only care about adding an addi-
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FIG. S22. Cartesian coordinates of [Co(corrin)(Im)]* 2A

tional set of functions on one of them, we can label the
atoms by adding _LABFEL in the xyz-file, as illustrated
in figure S24, to make sure that we are only adding
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FIG. $23. Cartesian coordinates of [Co(corrin)(Im)-O2]* 2A

more orbitals where needed. Adding _LABFEL to the xyz-
file is a part of Molcas’ extension to the xyz-file format



which allows for a simple partitioning of basis sets. In
figure S24, the expansion to ANO-RCC-VQZP/-VDZP
is anticipated by labeling the atoms which will be of -
VDZP quality by _-MB.

10

File generated by luscus version 0.8.6 beta

co 0.408972000 0.000003000 -0.000041000
0 -1.630028000 0.000019840 0.000020980
H -2.110029522 0.788290319 -0.264229262
H -2.315334131 -0.637383577 0.213731978
0_MB 0.994383000 -1.320566000  -0.999132000
0_MB 0.994418000 1.525504000 -0.644165000
o_M

_MB  0.994473000 -0.204942000 1.643120000
H_MB 1.924311000 1.435453000 -0.950073000
H_MB 1.923035000 -1.542611000 -0.765324000
H_MB 1.923873000 0.106686000 1.717068000

FIG. S24. XYZ coordinates for [Co(H,O)(OH)3]. A Molcas

specific extension for element names is used in this example.

S§7.C. The first HF/DFT calculation

In [Co(H,0)(OH);3] we have a Co(IIl), which is a d°
species. There are therefore three spin-states which may
be relevant for this complex; singlet, triplet and quintet.
Regardless of which of the spin-states are of actual inter-
est in the study, we recommend to start with optimising
the wavefunction in the highest possible spin. This is
because it will drastically reduce the number of configu-
ration state functions, meaning that an active space can
be found quicker. So in this example, we want to begin
by finding an active space for the quintet state. The ob-
tained high-spin CASSCF wavefunction can then be used
as input for the lower spin-states. When doing so, one
should keep in mind that the active space in lower spin
states may not be identical to the high-spin active space,
so some tweaking may become necessary.

For the starting HF/DFT wavefunction, there are
three possibilities for generating it. The first is to
do an unrestricted HF /DFT calculation using Molcas’
SCF module, for which an average natural orbital file
is produced containing a single set of MOs obtained
by averaging over the alpha and beta orbitals (the
$Project. UnaOrb file). Rather than an unrestricted
HF/DFT calculation, a restricted open-shell HF calcu-
lation can be performed using the RASSCF module and
setting the spin, active electrons and active orbitals in
such a way that only one single CSF is allowed. Finally,
the complex can be forced to be a closed-shell singlet for
the HF /DFT calculation, not bothering about the spin
state until the CASSCF calculation. Which strategy to
pursue is mostly a matter of taste, although if there is
reason to suspect that a DFT optimisation will provide a
better set of starting orbitals than HF, either the first or
the third strategy will have to be employed since Molcas
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does not allow for restricted open-shell DFT optimisa-
tions.

For the purpose of this example, the second strategy
was employed by setting the RASSCF keywords 'spin=>5,
‘nactel=4" and 'ras2=4’, with the full input given in fig-
ure S25. From this calculation, the targeted (16,12)-
active space could easily be identified, with the canonical
ROHF orbitals of the selected active space being given
in figure S26.

/* 1: Generate the job information using GATEWAY. */

&GATEWAY
coord=$CurrDir/$Project.xyz
basis=ANO-RCC-MB, Co.ANO-RCC...4s3p2d,
0.ANO-RCC. . .2s2p
group=C1
RICD

/* 2: Compute integrals using SEWARD. x/
&SEWARD

/* 3: Set up a ROHF caculation using the RASSCF
module. With 4 electrons in 4 orbitals and a
quintet spin state, only one possible CSF
exists which corresponds to a single Slater
determinant with all orbital empty or doubly
occupied except for 4 singly occupied
orbitals. */

&RASSCF
spin=5
charge=0
nactel=4
ras2=4

/* 4: Generate a .lus file for orbital
visualtisation using GRID_IT. The keyword
"all" specifies that all orbitals should be
visualised, which is beneficial when
identifying the active space. Since a small
basis is used, the resulting orbital file will
not be obnoxiously large. */

&GRID_IT
all

FIG. S25. Input file for ROHF calculation.
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FIG. S26. Canonical orbitals of [Co(H,O)(OH)3] from a
ROHF calculation. The orbitals in the red box are the or-
bitals that would not appear, had only ANO-RCC-MB been
used.

S7.D. Running the large basis CASSCF

After optimising the active space identified from
the HF/DFT calculation with CASSCF and making
sure that the desired active space has been obtained,
EXPBAS can be used to expand the wavefunction
into the larger basis set. When using EXPBAS, the
$Project. RunFile file from both the small and the large
basis set calculations are needed in the Molcas work di-
rectory as '/RUNFIL1" and '/RUNFIL2’ respectively. Fur-
ther, the RasOrb file containing the CASSCF wavefunc-
tion optimised in the smaller basis is also needed. An ex-
ample of how to write the input is given in figure S27.
As can be seen from figures S28 and S29, displaying
the small and large basis natural CASSCF orbitals re-
spectively, the active space was stable after expanding
the wavefunction into the larger basis.
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/* 1: Collect information about the small basis set
job using GATEWAY. This is done in order to
create the RUNFIL1 file necessary for EXPBAS
with EMIL’s copy command. This file could have
been stored during the previous small basis
CASSCF run by using the EMIL command ’> copy
$Project.RunFile $CurrDir */

&GATEWAY
coord=$CurrDir/$Project.xyz
basis=ANO-RCC-MB, Co.ANO-RCC...4s3p2d,
0.ANO-RCC...2s2p
group=C1
RICD
> copy $Project.RunFile RUNFIL1

/* 2: A second call to GATEWAY with the large basis
set. Notice that the RunFile must explicitly
be copied to RUNFIL2. */

&GATEWAY
coord=$CurrDir/$Project.xyz
basis=ANO-RCC-VQZP, O_MB.ANO-RCC-VDZP,
H_MB.ANO-RCC-VDZP
group=C1
RICD
> copy $Project.RunFile RUNFIL2

/* 3: Call to EXPBAS with the converged CASSCF
wavefunction from the small basis. In this
example, the wavefunction was stored as
$Project .MB.InpOrb in $CurrDir. */

&EXPBAS
fileorb=$CurrDir/$Project.MB. InpOrb

/* 4: Compute the integrals of the large basis set
using SEWARD. */

&SEWARD

/* 5: Start the CASSCF wavefunction optimisation
with the RASSCF module. Notice that
$Project .ExpOrb generated by EXBAS has to be
given explicitly as input orbital file. */

&RASSCF
fileorb=$CurrDir/$Project .ExpOrb
spin=5
charge=0
nactel=12
ras2=16

/* 6: Generate a .lus file for orbital
visualisation using GRID_IT. Default is to

only visualise the active orbitals. */

&GRID_IT

FIG. S27. Input demonstrating the usage of EXPBAS utility.



An alternative approach for finding the active space
would be to simply specify the desired number of ac-
tive electrons, orbitals and the spin and allow the
optimisation algorithm to find the most stable active
space by starting with guess orbitals contained in the
$Project. GuessOrb file. These orbitals are generated by
Molcas’ GuessOrb program which is called by SEWARD.
So what is the point of going through the hassle of doing
EXPBAS? Simply put, a CASSCF optimisation start-
ing from the orbitals in the $Project. GuessOrb file can
easily lead to active spaces that either are local min-
ima or that are not localised in the relevant part of the
complex. As an example, starting with such orbitals for
[Co(H,0)(OH)4] results in the active space visualised in
figure S30. The obtained active space contains some
of the desired d-orbitals, but none of the H,O orbitals.
Rather, the optimisation algorithm decided that the 7-
system of the surrounding OH ™ -groups was more impor-
tant to correlate. This active space would be useless for
describing the Co-H,O interaction. Additionally, the ac-
tive space obtained by this procedure corresponds to a
local minimum, as the energy of the EXPBAS-obtained
active space is 9 mEy, or 0.25 eV, lower in energy.
Of course, this does not guarantee that the EXPBAS-
obtained active space is the global minimum active space,
but the chemistry associated with this active space is cer-
tainly of more interest.

As an additional bonus, in this particular example the
total time that Molcas was run was 46 min 40s using the
EXPBAS procedure, while the run time for the guess
orbital based calculation was 1 h 48 min, running MOL-
CAS 8.4 with 8 MPI cores on the Tetralith cluster in NSC
Link6ping, Sweden; compiled with intel compilers and us-
ing sequentially threaded MKL as a BLAS library.. This
is largely due to the much better input provided for the
large basis CASSCF calculation, with the EXPBAS cal-
culation converging in 21 interations, as compared to 74
iterations with the guess orbital based calculation. While
the speed benefit is not that important for a small model
such as the one used here, this can have a big impact on
larger structures.
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FIG. S28. Natural CASSCF orbitals of [Co(H,O)(OH)3] from
the small basis calculation.
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FIG. S29. Natural CASSCF orbitals of [Co(H,O)(OH);] from
the large basis calculation
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FIG. S30. Natural CASSCF orbitals of [Co(H,O)(OH)s]
when starting from the guess orbitals with the large basis.
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S7.E. Concluding statements

In this example, one strategy for obtaining active
spaces using Molcas’ EXPBAS module has been dis-
cussed for a [Co(H,0)(OH);s] model system. The main
advantage of using EXPBAS lies in the reduction of ba-
sis functions used in the active space identification stage
of a multiconfigurational study. Reducing the number of
basis function both produces virtual orbitals which are
easier to identify, as well as reduces the computational
time spent when optimising the active space. Conversely
though, the lowest number of required calculations for
obtaining the active space is three, one initial HF /DFT
calculation, one small basis XASSCF (X=C,R) calcula-
tion and one large basis XASSCF calculation. Start-
ing from guess orbitals obtained through SEWARD or
a HF/DFT in the large basis would require one or two
calculations respectively, if the correct active space is im-
mediately identified. This is often not the case, however,
giving the EXPBAS procedure a competitive edge as it
often produces the desired active space on the first at-
tempt due to the careful build up of the active space.

S8. 4f7 AND 4f°54d' ENERGY LEVELS OF Eu?" IN
CGFQ

Here we summarize calculations of the 4f7 and 4 f65d"
manifolds of Eu?* doped in CaF5,.%° Full details on how
to perform calculations like this can be followed in the
tutorial ”Performing ab initio calculations on complex
manifolds of excited states of lanthanides in solids” .6

In CaFy:Eu?t, Eu?T substitutes for Ca?* in an 8-fold
O}, cubic coordination. The calculations are done in Doy,
symmetry an the wave functions are identified and as-
signed to the Oy group. An AIMP embedded-cluster
Hamiltonian of CaFs:EuFg is used, which is made of



an AIMP embedding potential of the solid host CaFs,
added to the second-order relativistic Douglas-Kroll-Hess
(DKH) Hamiltonian of the cluster EuFs. A two-step cal-
culation is performed.

In the first, spin-orbit coupling free, step, SA-
RASSCF/MS-CASPT2 calculations are done.  The
(25522p15d11 f4g2h)[9s8p5d4 f3g2h] (quadruple-zeta
with polarization quality) relativistic ANO-RCC basis
set is used for Europium and (14s9p4d)[5s4p3d] for
Fluorine. The outermost 3s and 3p orbitals of the
neighboring Ca’t ions are used as orthogonalization
functions, contracted as [1slp]. Five s-type Gaussian
functions were also added to the cluster bases at the
next six neighboring interstitial sites in order to be able
to represent impurity-trapped-exciton states.

A restricted active space made of 7 electrons in 20
molecular orbitals of main character Eu-4f, Eu-5d, Eu-
6s, and Eu-5f is used. We compute the following terms
and used the following state-averages for the molecular
orbital optimizations: For states in the 4f7 configura-
tion, 1 84, term; 264,,, 2545, and 4 °E,; and 6 677,
and 6 575, terms. For the 4f%5d and 4f56s configu-
rations, 1 8414, 2 84,,, and 3 8Ey; 6 871, and 5 8Thy;
3964;,, 36 ©Asg, and 75 S Ey; and 108 °T7, and 111 75,
terms. In all cases, all possible occupations were allowed
in the Eu-4f shells and up to 4 electrons were allowed
in the Eu-5d, Eu-6s, and Eu-5f shells (we refer to this
calculations as SA-RASSCF(4f/5d6s5f — 4e)); this re-
stricted active space should be fairly close to a complete
7-electron active space where all possible occupations of
the 20 molecular orbitals would be allowed. Inclusion of
the Eu 5f-shells in the active space is needed for a bet-
ter account of the large radial correlation effects in the
4f-shell, which strongly affect interconfigurational transi-
tions also in the first half of the lanthanide series.

In the MS-RASPT?2 calculations we correlated all clus-
ter valence electrons except those with main character
Eu-4d. We used the standard IPEA value (0.25 au) and
an imaginary level shift of 0.15 to avoid intruder states.
Symmetry analyses of the SA-RASSCF multiconfigura-
tional reference wave functions allowed us to perform MS-
RASPT2 calculations over actual spin and Oj symme-
try blocks, which avoids symmetry breakings at the MS-
RASPT?2 level of calculations and beyond. Small spikes
or irregularities in the potential energy surfaces were
found coinciding with sharp avoided crossings between
some high energy lying spin sextet excited states of the
4f65dt§g and 4fGITEilq configurations, which did not
disappear using different and reasonable values of MS-
RASPT2 parameters. These high energy sextet states
were excluded from the subsequent RASSI-SO calcula-
tions.

The resulting potential energy curves vs. Eu-F dis-
tance in this spin-orbit-coupling free step are shown in
the left panels of Fig. S31.
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FIG. S31. Potential energy curves of the 4f7 (top) and 4f%5d
(bottom) configurations of Eu?t in CaFs without (left) and with
(right) spin-orbit coupling.

In the second step, RASSI-SO calculations are done
with the full DKH Hamiltonian (including spin-orbit cou-
pling) in the atomic mean-field integrals approximation
(AMFT). In these, we chose the transformed RASSCF
wave functions (first-order wave functions of the MS-
RASPT2 method) as a many-electron basis and the MS-
RASPT2 energies as shifting factors. We allow the
coupling of all MS-RASPT2 states of spin multiplicity
25 +1 > 6. The potential energy curves are shown in
the right panels of Fig. S31.

The bond lengths, vibrational frequencies, and
minimum-to-minimum energies of the RASSI-SO poten-
tial energy curves are used to simulate absorption spec-
tra. The result for CaF5:Eu?" is shown in the upper left
panel of Fig. ?7. In the Figure, we include the equivalent
results for Eu?t in the series CaFs, SrFs, BaF5 and CaS,
SrS, BaS, as well as their comparison with experimental
absorption spectra.



S9. MAGNETIC PROPERTIES OF AN ACTINIDE
COMPLEX CALCULATED WITH MPSSI -
COMPUTATIONAL DETAILS

The structure of the hexakisamidouranium(V) com-
plex, [U(NH;y)g] ™! was optimized within a density func-
tional theory (DFT) approach based on the BP86
functional,***5 and making use of a Stuttgart effective-
core potential (ECP)%? and the associated basis set def-
TZVP basis set for the uranium atom as well as corre-
sponding def-TZVPP basis sets for the ligand atoms®3.
The optimization was done with the TURBOMOLE v.7.0.2
program package?” with the size of the numerical grid
within the DFT module set to m5. Cartesian coordi-
nates of the optimized complex are compiled in Table

S4.

Two types of active spaces were considered in the
DMRG calculations. The minimal active orbital space
for this U(V) complex comprises all 5f orbitals of the U
center, resulting in a CAS(1,7). In addition, the latter
active orbital space was further enlarged by including the
predominantly U 6p orbitals (see also Fig. 4 in the main
text) leading to a CAS(7,10).

The number of renormalized states m was set to
m = 1024 in the DMRG-SCF and ensuing MPSSI cal-
culations which is sufficiently large to yield identical re-
sults in comparison with corresponding CASSCF /CASSI
calculations. All [Open]Molcas calculations were car-
ried out with the ANO-RCC type basis sets?® ! using
a TZVP contraction type in combination with Cholesky
decomposition®? of the two-electron repulsion integrals
with a threshold of 1076 au were employed. Scalar rela-
tivistic effects were taken into account by means of a stan-
dard second-order Douglas-Kroll-Hess Hamiltonian.?3 53

The multi-state CASPT?2 calculations were carried out
with a zero ionization potential electron affinity shift®®
while employing otherwise the default settings of the
multi-state CASPT2 approach in [Open]Molcas. In the
SINGLE_ANISO calculations which take the spin-orbit
coupled output states of the preceding standard MPSSI
calculation as input functions, the computation of the
temperature-dependent magnetic susceptibility x(7) was
performed within a temperature range of T' = 1 — 300K
using a step size of 1K and applying an external magnetic
field of 0.7 Tesla.
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TABLE S4. Cartesian coordinates of [U(NHz)g] ™"

0.0000000 0.0000000 0.0000000
-0.0000000 2.2670895 0.0000000
0.0000000 0.0000000 2.2670895
-2.2670895 0.0000000 0.0000000
-0.0000000 -2.2670895 0.0000000
0.0000000 0.0000000 -2.2670895

2.2670895
2.8561785
-0.8332511
.8332511
-0.0000000
0.0000000

|
o

.0000000 0.0000000
.0000000 -0.8332511
.8561785 0.0000000
.8561785 0.0000000
.8332511 2.8561785
.8332511 2.8561785
-2.8561785 0.0000000 -0.8332511
-2.8561785 0.0000000 0.8332511
0.8332511 -2.8561785 0.0000000
-0.8332511 -2.8561785 0.0000000
0.0000000 -0.8332511 -2.8561785
-0.0000000 0.8332511 -2.8561785
2.8561785 0.0000000 0.8332511

O NN O

|
O o

mDmononDnIDoDonoDoDEonrmn=E2=222229g
o
o

$10. MOLECULAR DYNAMICS

The input file below is an example of a QM /MM molec-
ular dynamics simulation with trajectory surface hop-
ping. We used this input to study the excited state re-
activity of the green-absorbing Proteorhodopsin (GPR).
The QM/MM simulation requires the use of a classi-
cal force field which is done by the TINKER program.
Therefore the tinker keyword is placed in the GATE-
WAY section of the input file. The ESPF module is used
to account for the interaction between the QM region
with the electrostatic potential of the MM region. The
full retinal Schiff base moiety is in the QM region and
described at the CASSCF(12,12)/6-31G* level of theory.
Two roots are used for the state averaged CASSCF cal-
culation and the excited state MD is initialized in the
second root (first excited state). The input of the DY-
NAMIX module specifies 400 steps with timestep of 1
fs. The number of steps can be decided based on the re-
action of interest. In this example 400 MD steps are
sufficient to observe the surface hopping event. Each
step of this simulation takes about 40-45 minutes, de-
pending on the hardware. Further specification in the
DYNAMIX module include the choice of the integrator
for the equations of motion, namely the Velocity-Verlet
algorithm. The surface hopping algorithm was selected
to be Tullys Fewest Switches with decoherence correction
of 0.1 Hartree. The results of this dynamics run are pre-
sented in Fig. 5 of the manuscript. Please note that this
input also requires the forcefield parameters set, TIN-
KER key file with QM and MM subsystem information
and the geometry in TINKER xyz format.

/* Nonadiabatic MD example */
&Gateway



tinker
group = NoSym
basis = 6-31G*

/* QM/MM via Tinker interface */

>> COPY $Project.JobIph $Project.Job01ld
>> LINK -FORCE $Project.Job0ld JOBOLD
>> FOREACH A in (1 .. 400) /* 400 steps of MD x/

&Seward
Title = Nonadiabatic MD

&Espf
External = tinker
Lamorok

&Rasscf
Jobiph
Charge = +1
Nactel = 12 0 0
Ras2 = 12
Ciroot =
Mdrlxr =

N
-

2
2 /x Note: MDRLXR, not RLXR */

>> COPY $Project.JobIph $Project.Job01ld

&Surfacehop /* To take surface hops into account
*/
Tully /* Use the Tully algorithm for

surface hop */
Decoherence = 0.1 /* Must be used with Tully.
Includes a decoherence
correction in the ppulation density
matrix */

&Alaska

&Dynamix /* Compute MD */

Velver /* Use Velocity-Verlet algorithm */
Velo = 1 /* Read initial velocities from file

$Project.velocity.xyz */

Dt = 41.3 /* Timestep in a.u. of time. Here -
1fs */
Thermo = 1 /% Scale velocities in order to keep

total energy constant */

>> COPY $Project.xyz $CurrDir/$Project.$A.xyz
/* Saves coordinates at every step */
>> COPY $Project.velocity.xyz
$CurrDir/$Project.velocity.$A.xyz
/* Saves velocities at every step */

>>ENDDO /* End of the FOREACH loop */
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S11. CONSIDERATIONS ON THE APPLICATION OF
THE RASSCF / RASPT2 / RASSI METHODOLOGY FOR
THE ACCURATE DESCRIPTION OF ELECTRONIC
STRUCTURE OF COMPOUNDS CONTAINING
LANTHANIDE AND/OR TRANSITION METAL IONS

The computational strategy based on RASSCF /
RASPT2 / RASSI is able to tackle difficult near-
degenerate problems, while the lanthanides and transi-
tion metal compounds are perfect examples of this kind,
given their partly filled and relatively isolated f/d shell.
A few considerations are given here as advice for readers
who wish to try running such calculations for the evalu-
ation of electronic structure and magnetic properties of
such compounds:

e The number of roots optimized at the RASSCF
level is important. The minimal number of roots
needed to describe qualitatively correct the energy
spectra and properties of a lanthanide compound
includes the states originating from the ground
atomic term L. Including less states than the
ground term’s orbital multiplicity 2L + 1 into the
spin—orbit mixing may result in artifacts and even
erroneous results. Ideally, quantitative description
is obtained when all roots arising from the ™ shell
(d™ for transition metals) are included in the spin—
orbit mixing in RASSI. The effect of the spin—orbit
mixing of the excited states is noticed in a shift
of the saturation values of magnetic susceptibility
and magnetization (see e.g. Table 1.4 in?), and
also plays a role for the g-tensor of the ground and
excited states.

e Electron correlation is important for quantitative
description of the crystal-field splitting and mag-
netic properties. As shown in3°, the account of elec-
tron correlation effects by either enlarging the ac-
tive space of the CASSCF method and/or by mul-
ticonfigurational second-order perturbation theory
(CASPT?2), significantly improves the comparison
between calculated and measured energy spectra
and magnetic properties of the low-lying states.

e Enlarging the active space of the RASSCF method
beyond the ™ shell poses significant computational
difficulties. Their origin lies in the necessity to
optimize a large amount of roots (needed by the
spin—orbit interaction), while using a large varia-
tional space. Another issue is the nature of the
wave functions of the excited roots. Typically,
the f character of low-lying states is dominant,
while the excited ligand field states of f* charac-
ter are usually intermixed with the charge trans-
fer states to/from additional orbitals, of f**!LF!
kind. State-average CASSCF optimization of such
mixture of different roots poses not only conver-
gence issues, but also, the obtained results may
be qualitatively worse compared to minimal ac-



S12.

tive space calculation. Following3®, part of dy-
namical correlation may be included at RASSCF
level, by enlarging the active space for lanthanides
to include 5s2, 5p°, 5d°, 6s°, 6p° shells and, even-
tually, the double shell—5f°, all localized on the
metal site. To overcome the difficulties of finding
the right empty orbitals with dominant metal char-
acter, a new keyword (IVO) has been added to the
RASSCF module. This keyword enables the diago-
nalization of the subspace of the core Hamiltonian
spanned by the empty orbitals, delivering thus a set
of highly localized empty orbitals. The subsequent
RASSCF calculation will typically have a straight-
forward convergence, provided the active space is
enlarged by complete atomic shells. Nevertheless,
it is recommended to inspect the active orbitals by,
e.g. Luscus®®.

The electrostatic effects of the remaining crystal,
i.e. the role of the charged ions in the crystal
(Madelung potential) needs to be accounted as
well, at least by point charge model (SEWARD /
XFIELD).

AB INITIO CALCULATION OF MAGNETIC

PROPERTIES OF A MONO-NUCLEAR COMPOUND /
FRAGMENT

S12.A. Standard input for a CASSCF/RASSI calculation
on a [CoCl4]*~ dianion

In

this section we give brief explanation of the main

input and output sections of the SINGLE_ANISO pro-
gram.

&SEWARD

ANGM

-1.03554860

AMFI
DOUG
RICD
SDIP
CDTH

0.70324574 0.00000000 Angstrom

= 1.0d-6

Coord

5

Col
Cl2
C13
Cl4
C15

-1.03554860 0.70324574 0.00000000
-3.18554860 0.70327223 0.00000000
-0.31886953 1.71675612 1.75546798
-0.31890654 -1.32380240 0.00000000
-0.31886953 1.71675612 -1.75546798

Group=NoSYMM
Basis=ANO-RCC-VDZ

&RASSCF

SPIN

=4

NACTEL =7 0 O

INAC
RAS2

CIROO

= 45
5

T =10 10 1

S27

>>COPY $Project.JobIph JOBOO1
>>COPY $Project.RasOrb INPORB

&RASSCF

LUMORB

SPIN = 2
NACTEL =7 0 0
INAC = 45
RAS2 = 5
CIROOT = 40 40 1

>>COPY $Project.JobIph JOB002
>>COPY $Project.RasOrb INPORB

&RASSI
MEES
MESO
Prop =
AngMom
AngMom
AngMom
MLTPL1
MLTPL1
MLTPL1 3
SpinOrbit

NR OF JOBIPHS

NP WNEF~O®

9

9 10 11 12 13 14 15 16 17 18 19 20
25 26 27 28 29 30 31 32 33 34 35
4

&SINGLE_ANISO
MLTP

8

22222222
UBAR
TINT =
CRYS
Co = 2
HINT =
TMAG

20 0.51.01.51.82.02.22.53.03.54.05.0

6.0 7.0 8.0 9.0 10.0 15.0 20.0 30.0 40.0

XFIE = 0.1
PLOT

0 300 301

07.071

>>COPY ANISOINPUT $CurrDir/$Project.aniso

The input provided above is a basic one.
lowing options need to be considered: a) larger basis
set; b) larger active space; c) dynamic correlation e.g.
by CASPT2. However, the above input runs smoothly
within a few seconds on any machine and is a good ex-
ample for testing and learning.

A few comments about the above input:

The fol-

e SEWARD: The keywords AMFI and ANGM in
the GATEWAY /SEWARD section are manda-
tory for the computation of spin-orbit coupling and
magnetic properties. The origin of ANGM is usu-
ally taken the position of the main magnetic center



(because the magnetic f or d orbitals are mainly
localized on the metal site).

e SEWARD: The keywords RICD helps speeding up
much the computation of integrals and subsequent
calculations and is therefore recommended.

RASSCEF: It is recommended to optimize first the
states with the largest spin by using the minimal
active space. Larger active space calculations may
be carried out using the optimal orbitals obtained
in a minimal active space.

RASSCEF: It is recommended to optimize all states
which have the same origin (e.g. all states arising
from 3d” configuration in above example in a sin-
gle state-average RASSCF calculation. Optimiz-
ing each of the 10 states of S=3/2 in ten separate
calculations is prone to convergence issues and to
less accurate final results, where the ligand-field en-
ergies are important. Charge transfer states need
to be optimized separately from the ligand-field
states, if one wishes to achieve high accuracy.)

RASSI: It is recommended to include all roots orig-
inating from a given electron configuration d” or f”
in the spin-orbit mixing. The above calculation in-
deed mixes all states of the 3d” configuration.

RASSI: Keyword SPIN and MEES are mandatory.
The first one will enable the spin-orbit interaction,
while the second one will ensure the computation
of one-electron integrals over the RASSCF states.
Keyword PROP and the subsequent labels request
explicitly the computation of angular momentum
(ANGMOM) and electric dipole momentum inte-
grals (MLTPL1). AMFTI integrals will be done by
default. The keyword NROF allows selecting which
RASSCF roots are included into the spin-orbit
coupling calculation.

SINGLE_ANISO: Keyword MLTP asks the com-
putation of the g-tensor for the eight low-lying
Kramers doublets. TINT and HINT specify the in-
tervals for temperature and applied magnetic field,
respectively. Keyword CRYS enables the compu-
tation of the parameters of the ligand-field for the
ground atomic term *F of the Co?* ion, using the
ab initio results. Keyword XFIE allows computa-
tion of the magnetic susceptibility at the indicated
field strength 0.1 Tesla. Keyword TMAG asks the
code to compute molar magnetization at the indi-
cated temperatures. Keyword PLOT will ensure
generation of several data files (*.dat), several gnu-
plot scripts (*.plt) and will attempt running the
linux utility gnuplot in order to produce corre-
sponding images of the computed properties (*.png
or *.eps). Keyword UBAR computes the blocking
barrier of a molecular magnet.
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Below is a standard input for computing the DyCls

molecule.

&SEWARD

ANGM

0.00000000 0.00000000 0.00000000 Angstrom
AMFI

DOUG

RICD

SDIP

CDTH = 1.0d-6

Coord
4

Dy1 0.00000000 0.00000000 0.00000000
Cl2 -2.23434554 1.29000000 0.00000000
Cl3 2.23434554 1.29000000 0.00000000
C14 0.00000000 -2.58000000 0.00000000
Group=NoSYMM

Basis=ANO-RCC-VDZ

&RASSCF
SPIN = 6
NACTEL
INAC =
RAS2 =
CIROOT

=900
54

7
=21211

>>COPY $Project.JobIph JOBOO1
>>COPY $Project.RasOrb INPORB

&RASSCF

LUMORB

SPIN = 4

NACTEL = 9 0 O
INAC = 54

RAS2 = 7

CIROOT = 224 224 1

>>COPY $Project.JobIph JOB002

&RASSCF

LUMORB

SPIN = 2

NACTEL = 9 0 O

INAC = 54

RAS2 = 7

CIROOT = 490 490 1

End Of Input

>>COPY $Project.JobIph JOB0OO3

/* We mix in RASSI only a subset of the CASSCF
states available in the above JOBIPH files.
The RASSI is able to mix all available spin

states, but the computation time will increase

quadratically with the number of states
included in RASSI. */

&RASSI
MEES
MESO
Prop = 6
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AngMom

AngMom

AngMom

MLTPL1

MLTPL1

MLTPL1 3

SpinOrbit

NR OF JOBIPHS

3 21 128 130

123456789 10 11 12 13 14 15 16 17 18 19 20
21

123456789 10 11 12 13 14 15 16 17 18 19 20
21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
36 37 38 39 40 41 42 43 44 45 46 47 48 49 50
51 52 53 54 55 56 57 58 59 60 61 62 63 64 65

NP~ WN =

66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 3 J
81 82 83 84 85 86 87 88 89 90 91 92 93 94 95

96 97 98 99 100 101 102 103 104 105 106 107

108 109 110 111 112 113 114 115 116 117 118 FIG. S33. Structure of the model dinuclear Cos anion.
119 120 121 122 123 124 125 126 127 128 Atomic coordinates are listed in Table S5.

12345678910 11 12 13 14 15 16 17 18 19 20
21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 end, we prepare two fragments, both having exactly the
51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 same number of atoms as the original ion, with the excep-

66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 tion that one of the Co sites is computationally replaced

81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 by diamagnetic Qﬂosed.sheﬂ) 702+ jon.

96 97 98 99 100 101 102 103 104 105 106 107

108 109 110 111 112 113 114 115 116 117 118

119 120 121 122 123 124 125 126 127 128 129 130
S13.A. Ab initio calculation for sites Col and Co2

&SINGLE_ANISO

MLTP Here we show the simplest ab initio calculation for
8 a Co?t compound, by employing only CASSCF and
QAQ 222222 RASSI methods. The calculations shown here take

UBAR roughly 3-5 min. on any laptop or workstation. Real-

TINT = 0 300 301 .- . . .

CRYS istic calculations would require larger basis sets (at least

VTZP quality), larger active space (e.g. CAS(7in10) for

Dy . o1 o

HINT = 0 7.0 71 accounting the double shell on Co?T ion, or larger, as

TMAG discussed in other sections of this article), employing the
20 0.51.0 1.5 1.8 2.0 2.2 2.5 3.0 3.5 4.0 5.0 CASPT2 method for accounting the dynamical correla-

6.0 7.0 8.0 9.0 10.0 15.0 20.0 30.0 40.0 tion, including the 40 RASSCF states with S=1/2 into

XFIE = 0.1 the spin-orbit mixing in RASSI.

PLOT

/***************************************************
>>COPY ANISOINPUT $CurrDir/$Project.aniso /* CASSCF/RASSI on site 1 in Co2: fragment Col-Zn2

&SEWARD

ANGM = 0.0 0.0 0.0

AMFI

S13. SEMI-AB INITIO APPROACH: FRAGMENT DOUG

CALCULATIONS + POLY_ANISO — COMPUTATIONAL RICD

DETAILS SDIP

CDTH = 1.04-6
We give here a practical example how to apply frag-
ment calculations + POLY_ANISO approach for the  Coord
investigation of the magnetic properties of a model bi- 25
nuclear Cos compound. Expanding to larger nuclearity

compounds is straiehtforward Col 4.09498600 12.65466600 5.12278000
pounds s S Zn2 2.81659800 10.06605400 5.12730000
The original coordinates of the investigated molecule C13 3.47332600 11.35777800 6.85548500
are given in Table S5. Figure S33 shows this structure. Cl4 2.09929800 12.03681800 4.21876000
The first step is to find the local electronic and mag- C1l5 4.79794000 10.67873800 4.18862600
netic properties originating from each Co?* site. To this C6 3.91327000 14.57482500 5.72546000
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C7 5.07529600 13.97066100 6.34019400
C9 5.34468200 13.90611300 4.05302300 /* CASSCF/RASSI on site 2 in Co2: fragment Znl-Co2
C10 4.10455000 14.53351500 4.27902800
C11 2.81659800 8.21302400 4.29409500 &SEWARD
C12 3.06366800 8.15105800 5.68025900 ANGM = 0.0 0.0 0.0
C13 1.94468000 8.65194700 6.37334100 AMFI
C14 1.02653600 9.07537800 5.34878500 DOUG
C15 1.57168400 8.79137000 4.10425100 RICD
H16 1.80736716 8.70198995 7.43331312 SDIP
H17 0.10426562 9.57030937 5.57095674 CDTH = 1.0d-6
H18 1.08510667 8.92457607 3.16064163
H19 3.42814710 7.80439337 3.51696650 Coord
H20 3.94166838 7.71265073 6.10665600 25
H21 6.85980907 13.04232975 5.47748841
H22 5.25583944 13.90130108 7.39256906 Znl 4.09498600 12.65466600 5.12278000
H23 3.07500736 15.02082667 6.21871272 Co2 2.81659800 10.06605400 5.12730000
H24 3.44197584 14.96839946 3.56016015 €13 3.47332600 11.35777800 6.85548500
H25 5.79289037 13.70130007 3.10325412 Cld 2.09929800 12.03681800 4.21876000

Group=NoSymm C15 4.79794000 10.67873800 4.18862600

Basis=ANO-RCC-VDZ C6 3.91327000 14.57482500 5.72546000

C7 5.07529600 13.97066100 6.34019400

GRASSCF C8 5.92968000 13.55497500 5.34727800

SPTN = 4 C9 5.34468200 13.90611300 4.05302300
NACTEL = 7 0 0 C10 4.10455000 14.53351500 4.27902800
INAC = 86 C11 2.81659800 8.21302400 4.29409500
RASD = B C12 3.06366800 8.15105800 5.68025900
CIROOT = 10 10 1 C13 1.94468000 8.65194700 6.37334100
C14 1.02653600 9.07537800 5.34878500

>>COPY $Project.JobIph JOBOO1 C15 1.57168400 8.79137000 4.10425100

ERASST H16 1.80736716 8.70198995 7.43331312

MEES H17 0.10426562 9.57030937 5.57095674

Prop =6 H18 1.08510667 8.92457607 3.16064163

AngMom 1 H19 3.42814710 7.80439337 3.51696650

AngMom 2 H20 3.94166838 7.71265073 6.10665600

Anglom 3 H21 6.85980907 13.04232975 5.47748841

MLTPLL 1 H22 5.25583944 13.90130108 7.39256906

g H23 3.07500736 15.02082667 6.21871272

MLTPLL 3 H24 3.44197584 14.96839946 3.56016015

HEFF H25 5.79289037 13.70130007 3.10325412

NR OF JOBIPHS Group=NoSYMM
1 10 Basis=ANO-RCC-VDZ
1234567809 10
SpinOrbit &RASSCF

SPIN =4

&SINGLE_ANISO NACTEL =7 0 0

MLTP INAC = 86

4 RAS2 = 5

UBAR

TINT = 0 300 301 >>COPY $Project.JobIph JOBOO1

CRYS

Co = 2 &RASST
QUAX = 3 MEES
1.0 0.0 0.0 Prop = 6
0.0 1.0 0.0 AnglMom 1
0.0 0.0 1.0 Anglom 2

HINT = 0 7.0 71 AnglMom 3

TMAG = 3 0.5 1.0 2.2 MLTPL1 1

XFIE = 0.1 MLTPL1 3

HEFF
>>COPY ANISOINPUT $CurrDir/sitel.aniso NR OF JOBIPHS

110




12345678910
SpinOrbit

&SINGLE_ANISO

MLTP

4

2 2 2 2

UBAR
TINT = 0 300 301
CRYS
Co = 2
QUAX = 3

1.0 0.0 0.0

0.0 1.0 0.0

0.0 0.0 1.0
HINT = 0 7.0 71
TMAG = 3 0.5 1.0 2.2
MAVE = 1 20
XFIE = 0.1

>>COPY ANISOINPUT $CurrDir/site2.aniso

At the end of each calculation we obtain one file
ANISOINPUT for each site which we save in our local
folder $FileDir for later usage.

S13.B. Extraction of the Col-Co2 magnetic exchange
interaction using the available experimental magnetic data.

Semi-ab initio simulation of the coupled properties of
fragment Col-Co2 using variable J as a parameter.

[k ok ko ok sk ok sk ok ok sk ok sk ok sk ok sk ok sk ok sk ok ok sk ok ok sk sk ok ok sk sk ok ok
copy the ab initio results obtained for
each site in $WorkDir: =/

>>COPY $CurrDir/sitel.aniso aniso_1.input
>>COPY $CurrDir/site2.aniso aniso_2.input

[ F AR AR A A A KA KA KA KA KA KA KA KA KA K [

// loop over an array of parameters

// grep the standard deviation (ST.DEV) from the
// final output

// J is a variable parameter defining the

// magnetic interaction.

// Values of J are defined in parenthesis.

>> FOREACH J in
(-6.0,-5.0,-4.5,-4.0,-3.0,-2.0,-1.0,0.0)

&POLY_ANISO
NNEQ
2 T F
11
2 2
PAIR
1
1 2 $J
COOR
4.09498600 12.65466600 5.12278000
2.81659800 10.06605400 5.12730000
XFIE

531

0.5

TEXP

24

4.04 0.06089855

8.08 0.58081879
12.12 1.42846878
16.16 2.19618547
20.20 2.80632688
24.24 3.28333320
28.28 3.66148978
32.32 3.96772238
36.36 4.22112986
40.40 4.43502587
44 .44 4.61875490
48.48 4.77896930
52.52 4.92048122
56.56 5.04682795
60.60 5.16065095
64.64 5.26395372
68.68 5.35827991
72.72 5.44483782
76.76 5.52458863
80.80 5.59830933
84.84 5.66663813
88.88 5.73010735
92.92 5.78916756
96.96 5.84420526
>> ENDDO

TABLE S5. Cartesian coordinates of [Co2Cls(CsHs)2] ™ anion

Co 4.09498600 12.65466600 5.12278000
Co 2.81659800 10.06605400 5.12730000
Cl 3.47332600 11.35777800 6.85548500
Cl 2.09929800 12.03681800 4.21876000
Cl 4.79794000 10.67873800 4.18862600
¢ 3.91327000 14.57482500 5.72546000
C 5.07529600 13.97066100 6.34019400
¢ 5.92968000 13.55497500 5.34727800
C 5.34468200 13.90611300 4.05302300
C 4.10455000 14.53351500 4.27902800
C 2.81659800 8.21302400 4.29409500
C 3.06366800 8.15105800 5.68025900
¢ 1.94468000 8.65194700 6.37334100
C 1.02653600 9.07537800 5.34878500
C 1.57168400 8.79137000 4.10425100
H 1.80736716 8.70198995 7.43331312
H 0.10426562 9.57030937 5.57095674
H 1.08510667 8.92457607 3.16064163
H 3.42814710 7.80439337 3.51696650
H 3.94166838 7.71265073 6.10665600
H 6.85980907 13.04232975 5.47748841
H 5.255683944 13.90130108 7.39256906
H 3.07500736 15.02082667 6.21871272
H 3.44197584 14.96839946 3.56016015
H 5.79289037 13.70130007 3.10325412
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