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Quantum Monte Carlo Study of the Retinal
Minimal Model C5H6NH1
2
Emanuele Coccia and Leonardo Guidoni*
In this work, we study the electronic and geometrical properties
of the ground state of the Retinal Minimal Model C5H6NH2þ using
the variational Monte Carlo (VMC) method by means of the
Jastrow antisymmetrized geminal power (JAGP) wavefunction. A
full optimization of all wavefunction parameters, including
coefficients, and exponents of the atomic basis, has been
achieved, giving converged geometries with a compact and
correlated wavefunction. The relaxed geometries of the cis and
trans isomers present a pronounced bond length alternation
pattern characterized by a C¼
¼C central double bond slightly
shorter than that reported by the CASPT2 structures. The

comparison between different basis sets indicates converged
values of geometrical parameters, energy differences, and dipole
moments even when the smallest wavefunction is used. The
compactness of the wavefunction as well as the scalability of VMC
optimization algorithms on massively parallel computers opens
the way to perform full structural optimizations of conjugated
biomolecules of hundreds of electrons by correlated methods like
C 2012 Wiley Periodicals, Inc.
Quantum Monte Carlo. V

Introduction

as CASPT2, MP2, and QMC is required,[10,33] due to the conjugated nature of the polyenic chain.
The retinal Minimal Model C5H6NHþ
2 (Fig. 1), composed of
three conjugated double bonds, has been extensively studied by
the quantum chemistry community since it is supposed to have
an isomerization path qualitatively similar to that of the Retinal.[10,30] Geometry optimizations (GEOs) for the ground state
show a good agreement among CASPT2, MP2, variational Monte
Carlo (VMC), and DFT/B3LYP approaches, giving a pronounced
bond length alternation (BLA), while the CASSCF result is characterized by a sensitively stronger BLA.[10] Appreciable differences
instead are seen for the optimized structure of the Minimal
Model S1 state, for which CASSCF exhibits two minima (one with
inversion of the BLA pattern, the second with a general lengthening of the bonds preserving the BLA value),[10,33] whereas CC2,
VMC, CASPT2 and CCSD approaches find only one minimum,
with a preserved or reduced ‘ground state-like’’ BLA.[10]
The CASSCF S1 minimum energy path (MEP) of C5H6NHþ
2
starts with a bond stretching which leads, in turn, to the
region of the PES in which the S1/S0 CI occurs, with the
C1AC2¼
¼C3AC4 angle close to 90 .[30] CASSCF dynamics simulations show evidence of a sub-picosecond isomerisation with
a high quantum yield,[41] with the central C2¼
¼C3 bond
involved in the torsion, mimicking what happens in the biological environment with the full chromophore[30]; the S1 ! S0
decay is barrierless and this fact could explain the very fast

Rhodopsin is a well-known light-detecting protein belonging
to the family of G-protein-coupled receptors and responsible
for the dim light vision of vertebrates.[1–7] The Retinal chromophore (retinal protonated schiff base, RPSB), bound to the
seven-helix transmembrane protein by a protonated Schiff
base,[4] upon photon absorption induces a cis/trans isomerization from 11-cis to all-trans isomer which in turn generates
structural changes in the protein, activating the signal cascade
leading to vision.[4,8] Such cis/trans isomerization represents
one of the faster (200 fs) and efficient (quantum yield of
0.65) chemical processes in nature,[4,7,9] and the role of the
protein environment is fundamental, since the same reaction
in solution is much slower.[7,10] QM/MM dynamics calculations
and experimental data coming from ultrafast femtosecond
spectroscopy give evidence that the isomerization path
involves a S1/S0 conical intersection (CI), with the reaction
coordinate being mainly dominated by the torsional angle
around the central double bond.[7]
Plenty of literature from both experimental and theoretical
investigations, has been produced over the last 15 years on
gas phase retinal models and on Rhodopsin, focusing the
attention on several issues, such as the determination of the
gas phase energies and geometries in the ground and excited
states,[10–19] the features of the isomerization mechanism,[7,9,10,20] the effect of the protein environment on the geometrical and electronic properties and the corresponding
energy shifts in the visible absorption spectra.[8,16,21–29]
Several works have been devoted to the study of small Retinal models to capture the essential properties of the full system (e.g., the isomerization mechanism) on smaller molecules.[10,20,30–40] To correctly address the ground and excited
state geometries and energies of these molecules in their
ground or excited states the use of correlated methods such
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Figure 1. Cis and trans isomers of the Retinal Minimal Model.

isomerization of the chromophore and the high quantum yield
in the protein environment.
Olivucci and coworkers also presented a detailed CASPT2//
CASSCF and TDDFT//CASSCF investigation of the isomerization
path of the Minimal Model,[35] to validate the TDDFT MEP on
the excited state.
Full GEOs of the complete RPSB chromophore (120 valence
electrons) were reported using CASSCF and MP2 calculations,[11,14] whereas, at the best of our knowledge, no CASPT2
and CC data are yet available. The inclusion of a larger treatment of the quantum region within a QM/MM scheme, such
as the RPSB counterion (Glu 113) and surrounding residues
would be probably important to investigate the effects of the
protein on the Retinal BLA and on the excitation energies and
represent a further challenge for correlated methods.
An alternative to traditional multideterminant wavefunction
methods is represented by Quantum Monte Carlo techniques. In
particular, VMC methods, which are based on the stochastic calculation of the expectation value of the full electronic Hamiltonian on a given trial wavefunction, have been recently used to
successfully perform gas phase GEO of molecular systems.[10,42,43] The variational ansatz in VMC is given by highly
correlated many-body wavefunctions characterized by different
functional forms and by a set of variational parameters usually
optimized through an energy minimization procedure.[44] Dynamical electronic correlation is described by applying the Jastrow factor,[45] a symmetric positive-defined term depending explicitly on the electron–nucleus and electron–electron distances.
Projection methods, such as diffusion Monte Carlo and lattice
regularized diffusion Monte Carlo are also able to go beyond the
variational guess, accessing to the exact ground-state energy of
the system, within the fixed-node approximation.[46–49]
The quality of QMC methods is comparable to that obtained
by standard correlated quantum chemistry methods (or even
higher), as verified by several applications concerning different
areas of physics and chemistry: materials,[47,50–52] hydrogen
bonding and Van der Waals systems,[53,54] electronic excitations in gas phase,[10,43,55,56] molecular polarizabilities and biochemistry.[19,57,58] From the computational point of view QMC

methods can be considered a promising correlated quantum
chemistry tool for the study of large molecules, thanks to two
technical reasons: the excellent scalability of the algorithms up
to tens of thousands of processors on recent high performance computing facilities; and the favorable scaling of the
computational time with the system size (N3/4, with N the
number of electrons).[46–48,59]
In this work, we carry out full wavefunction and structural
VMC optimizations of the cis and trans isomers of the Retinal
Minimal Model, calculating isomerization energies and ground
state dipole moments. The convergence of these results with
respect to the size of the basis sets will be also analyzed with
the aim to select a compact wavefunction that can be easily
used for larger systems. An extensive comparison with the
data coming from other high level calculations will be also
shown to point out how our computational scheme can provide accurate energies and relaxed structures, with a special
focus on the BLA, that is a key geometrical parameter for conjugated chromophores. At the same time, we will provide
benchmarks on larger systems, supporting the feasibility of
performing accurate structural optimizations of conjugated
biomolecules of hundreds electrons at the VMC level.
In the ‘ Methods’’ section the VMC method is briefly
reviewed together with the trial wavefunction definition and
the strategy applied for the GEO; details of the wavefunctions
used in the present work are also shown. Our results on the
ground state of the Retinal Minimal Model are reported in
‘ Results and Discussion’’ focusing the attention on the structural parameters and on the convergence of the properties of
interest as a function of the wavefunction complexity. Conclusions and perspectives are found in the last section underlining the concrete possibility of QMC to become a reference
tool in the electronic structure calculations of large correlated
molecular systems of biological relevance.

Methods
VMC
The VMC energy EVMC is defined as the minimum of the expectation value of the electronic Hamiltonian Ĥ over the variational parameters a ¼ {ai} of a trial wavefunction WT, given a
specific nuclear configuration R[44,46]:
EVMC ¼ min E½WT ðx; a; RÞ;
a

(1)

where
R
E½WT  ¼

^ T ðx; a; RÞdx
WT ðx; a; RÞHW
R 2
WT ðx; a; RÞdx

(2)

assuming WT to be real. In VMC the latter integral over the
electronic coordinate x (r and r) is written in terms of the
local energy EL(x;a,R) ¼ ĤWT(x; a, R)/WT(x; a, R), and of a probW2 ðx;a;RÞ
ability density Pðx; a; RÞ ¼ R 2T
WT ðx;a;RÞdx

E½WT  ¼

Z

^
Pðx; a; RÞEL ðx; a; RÞdx ¼ hHi
P

(3)
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The value of the integral in Eq. (3) is then estimated as a sum
over a set of points in the configurational space of the electronic
Cartesian and spin coordinates x, generated stochastically by a
Metropolis algorithm according to the probability density P(x;
a, R)[60]; brackets indicate the average on P. The WT optimization
procedure is based on the linear method described in Ref. [54].

and includes both static and dynamical electronic correlation[53,54,69,70]; r represents the 3 N electron Cartesian coordinate, J is spin-independent to avoid spin contamination.[42,68]
For unpolarized molecular systems of N electrons and M
nuclei, that is, N/2 ¼ N: ¼ N;, the AGP is written as
WAGP ðxÞ ¼ A^

N=2
Y



UG x"i ; x#i

(8)

i

VMC GEO
The structural optimization within the VMC scheme implies
the simultaneous minimization of the energy functional with
respect to the variational parameters a of WT and the nuclear
coordinates R:
OPT
EVMC
¼ min E½R; WT ðx; a; RÞ:
a;R

(5)

where a(R) implicitly depends on R because the minimum energy
condition [Eq. (1)] has to be satisfied at fixed R. VMC forces for
the nucleus A are given by the following expression[46]:
D E
n
D
E
dEL
þ 2 hEL iP d lndR½WA T 
FA ðRÞ ¼  dR
A P
P
D
E o
P
 EL d lndR½WA T 
¼ FHF
A ðRÞ þ FA ðRÞ;



 1 
UG ðxi ; xj Þ ¼ /G ri ; rj pﬃﬃﬃ j"ii j#ij  j"ij j#ii :
2

(9)

(4)

A standard steepest descent method is employed for the minimum searching. The optimization requires the evaluation of
the ionic forces acting along all the coordinates R, defined for
each nucleus A as:
FA ðRÞ ¼ rRA EVMC ðR; aðRÞÞ;

where Â is the antisymmetrization operator and UG is the
Geminal pairing function:

The spatial function fG(ri,rj) is a linear combination of products
of atomic orbitals:
M X

 X
 
klA mB wlA ðri ÞwmB rj
/G r i ; r j ¼

(10)

A;B l;m

where the indexes l and m refer to the basis sets centered on
the Ath and Bth nuclei.
The Jastrow term J is split into a product of several terms J
¼ J1J2J3/4, introducing dynamical correlation and satisfying the
electron–electron
and
electron–nucleus
cusp
conditions.[43,58,71,72] The three/four body Jastrow J3/4 includes the
electron–electron-nuclei correlation
(
)
N
X


J3=4 ðrÞ ¼ exp
- ri ; rj ;

(6)

P

(11)

i<j

that

are

respectively
the
Hellmann–Feynman
n
D E
D
E
dEL
P
¼  dRA
and Pulay FA ðRÞ ¼ 2 hEL iP d lndR½WA T  
P
P
D
E o
d ln½WT 
: EL dRA
terms. The Pulay term is zero in the case of an

FHF
A ðRÞ

P

exact eigenstate in the limit of complete basis sets and when
WT is expanded into an originless basis set like plane waves.
Further improvement to reduce the variance on the calculated
forces is achieved using the so-called space warp coordinate
transformation (SWCT).[10,43,61–64] At nodal surface the unbound
variance of the forces has been removed using the reweighting
method.[43,65] In addition, we used the Adjoint Algorithmic Differentiation scheme to obtain analytical derivatives of the complex function resulting by the combined use of pseudopotential
and SWCT.[43] The overall computational overload for calculating
forces is only a factor 4 with respect to the single energy evaluation, independently on the system-size. More details on the calculation of forces can be found in Refs. [43] and [64].
Jastrow antisymmetrized geminal power wavefunction
Sorella and coworkers
have recently introduced
the Jastrow Antisymmetrised Geminal Power (JAGP) trial wavefunction, based on Pauling’s resonating valence bond representation. The JAGP is defined as the product between an
antisymmetric geminal power (AGP) and a Jastrow factor J(r)
(we omit here the parametric dependence on a and R of WT )
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M X

 X
 
glA mB vlA ðri ÞvmB rj :
- ri ; rj ¼

(12)

A;B lA mB

Terms with A ¼ B represent the three body term, whereas
terms with A = B are four body terms, that describe the dynamical correlation of electrons on different atomic centers; in
this work we have not used the J4 term.
The JAGP compactness, combined with the use of efficient
algorithms for the optimization of all parameters, including linear coefficients and exponents of the atomic basis sets,[54,73,74]
leads to a fast convergence of the variational results for electronic and geometrical properties with the size of the basis
sets.[43,75]

Computational details

[42,43,58,66–68]

WT ðxÞ ¼ WAGP ðxÞ  JðrÞ

where

(7)

Four different AGP wavefunctions have been defined for our
study, named VMC1, VMC2, VMC3, and VMC4; the corresponding basis sets, together which the total number of variational
parameters NAGP
are collected in Table 1. The starting paramep
ters for the contraction of VMC1 and VMC2 are taken from the
cc-pVDZ basis set, VMC3, and VMC4 are instead from aug-ccpVDZ. As we employ scalar-relativistic energy-conserving pseudopotentials for C and N atoms in the calculations,[76,77] the
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Table 1. AGP and J basis sets used in the present work.
AGP
VMC1
VMC2
VMC3
VMC4
J3

BLA ¼

Carbon

Nitrogen

Hydrogen

NAGP
p

(4s4p)/[2s2p]
(4s4p1d)/[2s2p1d]
(6s5p2d)/[3s3p2d]
(4s2s*3p2p*2d*)/
[3s3p2d]
Carbon
(3s2p)/[2s1p]

(4s4p)/[2s2p]
(4s4p1d)/[2s2p1d]
(6s5p2d)/[3s3p2d]
(4s2s*3p2p*2d*)/
[3s3p2d]
Nitrogen
(3s2p)/[2s1p]

(3s1p)/[2s1p]
(3s1p)/[2s1p]
(5s2p)/[3s2p]
(3s2s*2p*)/
[3s2p]
Hydrogen
(2s1p)/[1s1p]

4076
7193
21,178
21,178
NJp
2160

NAGP
and NJp are the total number of parameters for the AGP and Jasp
trow term, respectively. The * corresponds to a STO (see text for
details).

RðC1  C2Þ þ RðC3  C4Þ
2
RðC1 ¼ NÞ þ RðC2 ¼ C3Þ þ RðC4 ¼ C5Þ

:
3

(13)

Dipole moments are calculated in the reference frame of
the nuclear center of charge:
P
A ZA RA
CC ¼ P
;
A ZA

(14)

where the index A runs over the nuclei and ZA is the effective
charge on the A-th nucleus.

inner s orbital has been removed in all AGPs for such atoms.
Results and Discussion
VMC1 and VMC2 differ in the presence of d orbitals; the
Geometrical ground state features play a crucial role in tuning
dimension of the AGP matrix, coupling the single-electron
the excitation energies of the RPSB chromophore and its
atomic orbitals centered on different nuclei, almost doubles
when moving from VMC1 to VMC2. VMC3 and VMC4 are
model systems, the effect being of the order of some tenths
clearly characterized by a larger variational space since polarof eV.[10,16] Getting a reliable ground state geometry also repization and diffuse functions are added; they get the same
resents a crucial step in the study of the isomerization pathnumber NAGP
of optimizable parameters, the main difference
p
ways since an accurate Franck–Condon structure is fundamenarising from the use in VMC4 of a hybrid GTO/STO basis
tal as starting point for the path.
set.[58,78,79] Primitive Gaussian functions with exponents fG >
A key geometrical parameter regulating the ground and
15 (30 for the augmented basis sets) are neglected because of
excited state properties in conjugated systems is the average
the use of pseudopotentials, also resulting in a stable and effiBLA, defined in Eq. (13). The evaluation of such property is
cient optimization procedure.[58]
very sensitive to the used methodology, ranging in the case of
The use of Slater functions for the uncontracted terms sigthe cis Retinal Minimal Model from a value of 0.065–0.112 Å,
nificantly improves the long range behaviour of WT, in terms
moving from DFT (PBE and BPW91) to CASSCF calculaof variational energy and convergence of properties like the
tions.[34,35] The convergence of the average BLA and of all the
dipole polarizability of molecular systems[58,79]; the initial expobond distances using the VMC1 trial wavefunction during a
nents for the exponential functions are derived
pﬃﬃﬃﬃﬃ from the Gaussians through the simple relation fS ¼ 2G , where fS is the
GEO where all wavefunction parameters have been released,
exponent of the Slater function. All the variational parameters
including linear coefficients and exponents of the atomic basis
characterizing the wavefunction are fully optimized following
sets, is reported in Figure 2. To verify that our QMC
the scheme described in
Ref. [58] by releasing of the linear coefficients and the exponents of the atomic basis
sets.[54] A contraction of Gaussian primitives of s and p type
(Table 1) has been chosen for
the three-body Jastrow term.
Each structural optimization
point is composed of 2.7 
106 QMC steps, each step
including N proposed single
electron moves. Calculations
have been carried out on the
JUGENE BlueGene/P (BG/P)
cluster in Jülich (Germany).
Scalability tests for the VMC
GEO on BG/P show an almost
perfect scaling (90% efficiency)
up to 65536 CPU cores.
The average BLA is defined
as the difference between the
average value of the two single
bonds and the average value of
the three double bonds (also
Figure 2. BLA and bond lengths evolution along the GEO path starting from different structures. VMC1 wavefunction has been used for the cis isomer.
including the nitrogen):
Journal of Computational Chemistry 2012, 33, 2332–2339
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Figure 3. Upper panel: comparison of the BLA pattern calculated at VMC
level with some literature data for the cis isomer. Lower panel: the same as
above for the trans isomer. VMC1 and VMC2 refer to the WT definition
explained in the text.

bonds with respect to the CASPT2 description. An attenuated
BLA with respect to the CASSCF results is found,[30,34] but larger
than DFT, CASPT2, and MP2 findings.[10,33,35,37]
A similar behavior is found for the trans isomer (lower panel
of Fig. 3 and Table 2); also in this case our BLA assumes an intermediate value [0.0858(2) Å with VMC1 and 0.0850(1) Å with
VMC2] between the CASSCF 0.108 Å (a global shortening of all
bonds is seen) and the CASPT2 0.075 Å (on the contrary, VMC
single and double bonds are longer).[30,37]
Table 3 collects the bond angles calculated on VMC1 and
VMC2 optimized structures for the cis isomer, compared with
some representative, high-quality data in literature.[10,30,33,35,37]
We can observe clearly that the use of the more compact
VMC1 WT implies no substantial effects on angles, the larger
differences being only 0.3 and 0.2 for the C2AC1¼
¼N and
C3¼
¼C2AC1 with respect to VMC2 values.[10,30,33,35,37] Finally, it
is interesting to note that VMC2 results are very close to
MP2,[33] as already pointed out for the BLA. The trans isomer
bond angles are also reported in Table 3; VMC1 and VMC2
structures are characterized by essentially the same bond
angle values, emphasizing again the reliability of VMC1 as
wavefunction for the geometrical optimization.
To further validate the quality of our VMC approach, we have
performed single point calculations on several structures using
the set of basis sets VMC1–VMC4 described in Computational
Methods. First, we evaluate the energy of CASSCF geometries
of the cis and trans isomers as well as on the proposed structure of the CI[30] between S0 and S1 states, with the central dihedral angle close to 90 . The resulting energy differences are
reported in Table 4 and compared with CASSCF and CASPT2
data: the first row of Table 4 refers to the cis/trans isomerization
energy, the second one to the energy difference between the
trans isomer (the most stable configuration) and the relaxed CI
geometry. The more complex VMC2, VMC3, and VMC4 wavefunctions show an excellent agreement with the cis/trans

optimization procedure is robust with respect to the initial
configuration, we have repeated the calculation starting from
three structures with different BLA values: a large BLA (0.111
Å) from a CASSCF structure,[30] a small BLA (0.065 Å) from a
DFT(PBE) one,[35] and a structure with no BLA. The data show
that all simulations converge within 1000 optimization steps
to the same geometry, demonstrating that no bias due to the
initial configuration affects our procedure.
The VMC GEO has been applied to the cis and trans isomers
using VMC1 and VMC2 wavefunctions (see Table 1 and Computational Details) enforcing the planarity of both systems.
The bond length pattern of the cis isomer is reported in the
upper panel of Figure 3, compared with other available calculated data. VMC1 and VMC2 data are in perfect agreement indicating that the presence of d orbitals in the VMC2 basis set does
not significantly influence the equilibrium bond length pattern. The two
Table 2. Optimized bond lengths for the ground state S0 of the cis and trans minimal model.
wavefunctions converge to very similar
bond distances, leading to correspondC1¼
¼N
C1AC2
C2¼
¼C3
C3AC4
C4¼
¼C5
BLA
ing BLA values of 0.0869(1) Å and
CIS
0.0881(3) Å for VMC1 and VMC2 geoVMC1
1.3008(1)
1.4068(2)
1.3643(1)
1.4364(1)
1.3390(1)
0.0869(1)
VMC2
1.2999(1)
1.4079(1)
1.3629(2)
1.4364(2)
1.3392(1)
0.0881(3)
metries, respectively. Our results are in
VMC[10]
1.297(2)
1.405(3)
1.361(3)
1.427(2)
1.343(1)
0.082(3)
agreement within about 0.001–0.009 Å
[30]
1.291
1.433
1.361
1.456
1.348
0.111
CASSCF
in terms of bond lengths with previous
CASSCF[34]
1.288
1.431
1.358
1.454
1.346
0.112
VMC data reported by Valsson and Fili1.311
1.411
1.375
1.435
1.354
0.076
CASPT2[33]
CASPT2[10]
1.312
1.422
1.381
1.446
1.362
0.082
ppi.[10] The small differences can be
1.309
1.411
1.371
1.437
1.351
0.080
MP2[33]
probably attributed to the choice of
MP2[10]
1.311
1.421
1.379
1.444
1.359
0.083
the functional form of the trial waveB3LYP[35]
1.315
1.408
1.379
1.434
1.351
0.073
1.308
1.406
1.374
1.431
1.348
0.075
PBE0[35]
function, a linear combination of spin[35]
BPW91
1.324
1.412
1.389
1.435
1.362
0.065
adapted configuration state functions
1.323
1.411
1.388
1.434
1.361
0.065
PBE[35]
multiplied by a Jastrow factor instead
TRANS
[10]
of JAGP.
VMC geometries are
VMC1
1.3012(1)
1.4063(2)
1.3604(3)
1.4333(1)
1.3404(1)
0.0858(2)
VMC2
1.3010(2)
1.4051(2)
1.3607(3)
1.4331(1)
1.3406(1)
0.0850(1)
between the CASSCF and CASPT2
CASSCF[30]
1.291
1.430
1.359
1.452
1.349
0.108
relaxed configurations,[10,30,33,34] reduc1.312
1.411
1.373
1.433
1.356
0.075
CASPT2[37]
ing the exaggerated difference
All
the
quantities
are
in
Å.
BLA
is
defined
as
the
difference
between
the
average
values
of
single
between single and double bonds seen
and double bonds, including the nitrogen.
in CASSCF but shortening the double
2336
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Table 3. Bond angles (8) for the cis and trans isomers. VMC1 and VMC2
correspond to the present work.

CIS
VMC1
VMC2
VMC[10]
CASSCF[30]
CASPT2[33]
CASPT2[37]
MP2[33]
B3LYP[33]
TRANS
VMC1
VMC2
CASSCF[30]
CASSCF[37]
CASPT2[37]

C2AC1¼
¼N

C3¼
¼C2AC1

C4AC3¼
¼C2

C5¼
¼C4AC3

123.83(1)
123.54(1)
123.9(2)
123.0
123.2
123.1
123.4
124.0

122.60(1)
122.81(2)
123.5(2)
123.6
123.1
122.9
122.9
123.8

128.70(1)
128.75(1)
128.9(1)
128.6
128.5
128.5
128.7
128.9

119.86(1)
119.85(1)
120.3(1)
121.4
120.2
120.1
119.8
120.5

124.54(2)
124.50(2)
124.0
124.0
124.1

119.34(1)
119.20(2)
120.1
120.0
119.4

124.28(1)
124.25(1)
124.2
124.2
124.2

120.88(1)
120.83(1)
122.1
122.1
121.0

isomerization CASPT2 energy values; the smallest VMC1 basis
slightly overestimates the cis/trans energy of about 0.6 kcal/mol
with respect to VMC4 values. All CI/trans energies are found in
the range between 54.34(9) kcal/mol (VMC2) and 55.50(8) kcal/
mol (VMC4), very close to the CASPT2 value of 54.3 kcal/mol.[30]
Cis/trans isomerization energies are also reported for VMC
optimized structures (third and fourth rows of Table 4); the
two structures do not show any sensitive shift due to the
(small) geometrical differences reported above, confirming a
posteriori that VMC1 is a good and reliable WT for obtaining
optimized structures with a reduced computational effort. Furthermore, VMC single energy evaluations on VMC geometries
agree well with VMC energies calculated on CASSCF structures,
with fluctuations of about 0.1–0.2 kcal/mol.
The molecular dipole moment l is computed with respect
to the atomic center of charge, defined in Eq. (14), on cis and
trans structures (Table 5). On the CASSCF structures, the dipole
moment for both isomers does not essentially change from
VMC1 to VMC4. For what concerns VMC structures, VMC1 and
VMC2 geometries give a clear stabilization to l along the four
wavefunctions, for both cis and trans isomers; the differences
between the dipole moments calculated on the VMC and on
the CASSCF geometries (0.2–0.4 D for cis and 0.3–0.6 D for
trans, with the exclusion of VMC4 on VMC1 structure) is mainly
due to the less conjugated pattern of the CASSCF geometry.
In summary, the choice of the VMC1 wavefunction to perform geometrical optimization leads to a structure practically
coincident to that obtained with the larger VMC2 wavefunc-

Table 5. Dipole moments in Debye for the ground state S0.
l

Geometry

VMC1

VMC2

VMC3

VMC4

TRANS
CIS
TRANS
CIS
TRANS
CIS

CASSCF
CASSCF[30]
VMC1
VMC1
VMC2
VMC2

4.58(1)
4.33(1)
4.21(1)
3.92(1)
–
–

4.88(1)
4.36(1)
4.28(1)
3.97(1)
4.25(1)
4.01(1)

4.64(1)
4.16(1)
4.33(1)
3.98(1)
4.33(1)
3.94(1)

4.78(1)
4.28(1)
4.63(1)
3.93(1)
4.34(1)
3.92(1)

Results for cis and trans isomers are in the reference frame of the nuclear center of charge. The first two rows show the VMC findings on
CASSCF structures, the other rows are from VMC1 and VMC2 structures.
The second column indicates the level of theory employed for relaxing
the structures.

tion. The same behavior is observed for the evaluation of the
molecular dipole moment; the accuracy on the cis/trans isomerization energy is about 0.5 kcal/mol.
Having in mind to apply this VMC GEO scheme to larger
molecular targets, such as the Retinal and its surrounding residues, we have carried out some tests on systems with increasing number N of electrons as indicated in Table 6. We report
the total CPU core-hours time per point on BG/P architecture
during wavefunction optimization (WF, third column) and GEO
(fourth column) for the following systems: the ethyne molecule C2H2, the Retinal Minimal Model, the gas-phase RPSB and
a system including RPSB surrounded by one water molecule
and two glutamic acids sidechains (Glu113 and Glu118) as
observed in the crystallographic structure of the Bovine Rhodopsin.[80] VMC1 wavefunction has been used for all the systems. A regression fit with the formula (CPU core hours/point)
¼ aNp (a and p the fitting parameters) gives a power p for the
scaling equal to 2.5 for WT and 2.2 for the structural optimization. Such small scaling factor is fundamental for tackling electronic structure calculations of molecules of biological relevance like RPSB. It is important to point out that this result
simply refers to the algorithmic dependence on the system
size; to obtain a size-independent error on the total energies
and forces, an ‘ extra’’ power N should be added, since the variances grow as N, thus obtaining a scaling of N3.5 for the
wavefunction and N3.2 for the GEOs, in agreement with the
expected scaling reported by Ref. [47].
With the same statistics/point used here for the Minimal
Model (2.7  106 QMC steps per each optimization point), we
therefore estimate that about 4 millions of CPU core-hours are
needed for a system with N ¼ 120 and about 10 millions of
CPU core-hours for a system with N ¼ 182 to perform 1000

Table 4. Isomerization energies in kcal/mol for the ground state S0.
DE
CIS/TRANS
CI/TRANS
CIS/TRANS
CIS/TRANS

Geometry
[30]

CASSCF
CASSCF[30]
VMC1
VMC2

CASPT230

CASSCF 30

VMC1

VMC2

VMC3

VMC4

3.5
54.3
–
–

3.39
59.6
–
–

4.27(8)
55.28(9)
4.09(8)
–

3.52(8)
54.34(9)
3.57(8)
3.80(8)

3.85(8)
54.71(7)
3.70(7)
3.75(8)

3.68(7)
55.50(8)
3.68(7)
3.66(7)

The first two rows show the VMC results on CASSCF structures for both cis/trans and CI/trans energies (see text for details); the second two rows are
from VMC1 and VMC2 structures for the cis/trans isomerization only. The second column indicates the level of theory employed for relaxing the
geometry.
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Table 6. Computational time and scalability of VMC energy and
geometry optimizations for molecular systems of increasing number
of electrons N.

System
C2H
CHNH2þ
RPSB
RPSB þ H2O þ
Glu113 þ Glu181

N

CPU
core-hours/WF
point (h)

CPU
core-hours/
GEO point (h)

10
32
120
182

2.8
27.2
631.6
1818.9

8.6
124.3
4333.9
10,574.7

Third and fourth columns report the total CPU core-hours (¼ elapsed
real time  number of cores, for parallel runs) per each wavefunction
(WF) and geometry (GEO) optimization point. A random walk statistics
of 2.7 106 Monte Carlo steps is employed for each case. Computational tests were performed on Jugene BG/P cluster in Jülich (Germany)
using the VMC1 wave function.

structural optimization points. Such computational requirement is now affordable on High Performance facilities, and can
be exploited by QMC methods thanks to their embarrassing
parallelism.

Conclusions
In this work, we have presented a full VMC study of the
ground state properties of both the cis and trans isomers of
the Retinal Minimal Model C5H6NHþ
2 , which is a prototype of
the RPSB in Rhodopsin. Wavefunction and GEOs have been
carried out by optimizing all variational parameters of the
JAGP wavefunction, a compact and highly correlated variational ansatz.
The structural optimization carried out at VMC level results
in an average BLA of 0.0881(3) Å for the cis isomer and
0.0850(1) Å for the trans one. VMC1 and VMC2 AGP wavefunctions have been used, to verify the quality of the smaller
VMC1 wavefunction and its capability of capturing the correct
geometrical features of the conjugated system. The average
BLA from VMC1 and VMC2 geometries essentially converges to
the same structural minimum. VMC1 and VMC2 differ for the
set of d orbitals introduced for C and N atoms, coming from
the cc-pvDZ contraction; even the small VMC1 WT is able to
correctly recover the BLA of the cis and trans isomers together
with the bond angles. The very small differences observed
with the more accurate VMC2 have no sensitive effect on the
isomerization energies and on the dipole moments, calculated
with four different trial wavefunctions, VMC1 and VMC2
included.
Our VMC BLA is between the large CASSCF result and
CASPT2 values and very similar to MP2 and other VMC calculations (based on a trial function defined as a linear combination
of spin-adapted configuration state functions for the determinantal part), in line with the idea that the inclusion of correlation effects reduces the difference between single and double
bonds. In terms of bond angles, our findings are very close to
MP2 and other VMC calculations. Furthermore, properties calculated at VMC level on VMC1 and VMC2 structures agree well
2338
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with values extracted from a CASSCF geometry; high accuracy
is guaranteed by the use of fully correlated QMC and can be
easily obtained by improving the quality (and the number of
variational parameters) of the trial WT.
The results shown in this work allow us to be confident
with the use of the VMC1 trial wavefunction for GEO; the computational effort can be sensitively reduced, opening the way
to the study of the full Retinal chromophore and, in general,
of molecules of biological interest (200/300 electrons) with
QMC techniques, exploiting the possibilities offered by new
generation High Performance Computing facilities.
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