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Abstract
We extend the fragmentation-based double incremental expansion in FALCON coordinates

(DIF) and its linear-scaling analogue [König and Christiansen, J. Chem. Phys., 2016, 145, 064105]
to dipole surfaces. Thereby, we enable the calculation of intensities in vibrational absorption spec-
tra from these cost-efficient property surfaces. We validate the obtained potential energy and
dipole surfaces by vibrational spectra calculations employing damped response theory for corre-
lated vibrational coupled cluster wave functions. Our largest calculation on a hexa-phenyl includes
all 180 vibrational degrees of freedom of the system, which illustrates the potential of both the
DIF schemes for property surface generation and the use of damped response theory from high-
dimensional correlated vibrational wave functions. Generally, we obtain good agreement between
the spectra calculated from the DIF property surfaces and the non-fragmented analogues. More-
over, when adopting suitable electronic structure methods, good agreement with respect to the
experiment can be obtained, as shown for the example of 5-methylfurfural and RI-MP2. In conclu-
sion, our results illustrate that the presented scheme with linearly scaling surfaces enables high
quality spectra, as long as reasonably sized fragments can be defined. With this work, we push
the realistic limits of vibrational spectra calculations from vibrational wave function methods and
accurate electronic structure calculations to significantly larger systems than currently accessible.

1 Introduction
Vibrational spectroscopy has become an important tool to study
conformations of molecules. This includes biomolecules in their
natural environment. The interpretation of these spectra, i.e., the
assignment of particular molecular conformations to an experi-
mental spectrum is only possible with computational assistance.
For an unambiguous assignment of the conformations of such sys-
tems, accurate calculations accounting for the anharmonicity of
the vibrational modes and their coupling are often required. This
is possible when using vibrational wave function methods. The
most difficult and time consuming step to calculate a vibrational
spectrum is often the construction of an adequate potential en-
ergy surface (PES), which is required on input of the quantum-
mechanical vibrational wave function calculation. The applica-
bility of such methods, has been limited to small molecules, re-
stricted vibrational spaces or the use of rather approximate PESs.
Accurate PESs are, however, well known to be important to reach
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agreement with experiments. There are different approaches
for the generation of PESs for vibrational wave function calcu-
lations. In many works, the PES is described as a Taylor expan-
sion obtained from the energy derivatives at a reference structure.
This procedure is particularly attractive, when analytical gradi-
ents and Hessians are available. However, such Taylor expansions
are known to diverge for larger displacements from the reference
structure. This occurs in particular for highly anharmonic modes,
such as the low-frequency modes in larger systems. Since we are
here aiming at larger systems, we focus on another approach: We
calculate the energy or property at a large number of grid points
and then fit a polynomial function to those grid points. Recently,
some of the authors have presented a highly efficient scheme for
such PES generations for larger systems1. In principle gradient
and Hessian information can also be used in such grid-based PES
construction approaches. Achieving improved efficiency this way
is possible though not guaranteed and not fully trivial1, but it is
certainly a possibility for future efficiency gains. The calculation
of intensities in infrared (IR) spectra additionally requires dipole
surfaces on input of the vibrational wave function calculations.
These were not considered in the previous work2, but are in fo-
cus of the present work, where we extend the previous scheme to
dipole surfaces. The performance of the schemes is then assessed
by IR spectra calculated with vibrational wave function methods
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using these dipole surfaces.
The dimension of a full PES is equal to the number of vibra-

tional modes, and thereby scales with the molecular size. Hence,
the challenge of generating a PES increases rapidly with the num-
ber of atoms in molecules for two reasons: i) the number of single
points needed increases rapidly with system size and ii) every sin-
gle point calculation becomes computationally more expensive.
Both challenges have been addressed extensively in the litera-
ture, though often somewhat independent of each other. Most
efficient approaches to construct PESs for vibrational wave func-
tion calculations for high-dimensional systems rely on a restric-
tion of the simultaneous treated modes.3–8 This approach has
previously among others been denoted as n-mode expansion5,
HDMR9 and cluster expansion10. This approximation reduces
the computational scaling in the number of single point calcula-
tions needed in the PES construction from exponential in the full
vibrational space to polynomial with the order of the n-mode ex-
pansion. Later efficiency improvements of this scheme include
the automatic, adaptive choice of the grid points to be calculated
along the vibrational modes11–13. Such approaches aim at ef-
fective linear scaling of the total number of single points needed
in the PES.14,15. Another way to reduce the number of single
point calculations is to screen many-mode couplings that have
a low contribution to the overall accuracy of the results16–21.
The n-mode expansion can further be combined with multi-level
schemes treating higher-order couplings in a more approximate
manner than the lower order ones.1,17,22–26

Not surprisingly, the choice of the vibrational coordinates to
span the PES affects the performance of these n-mode coupling
schemes.27,28 So-called optimized and localized coordinates have
been found to yield a reduction of the number of n-mode cou-
plings with a significant contribution.27–34 In related approaches,
the vibrational coordinates are local on a monomer by construc-
tion35–37. The so-called local mode model35 originally uses inter-
nal, curvilinear coordinates for each monomer, but has been ex-
tended to include the effect of inter-molecular vibrational modes
in a perturbative manner38,39. Bowman and co-workers apply
rectilinear, so-called local monomer modes in a similar way to de-
rive PESs for molecular aggregates36,37. This approach has been
extended to the calculation of dipole surfaces40,41. It has very
successfully been applied to calculate IR spectra of water clus-
ters and hydrates42,43 including protonated water clusters44,45

and related systems46,47. The high efficiency of these methods is
rooted in the possibility to express the full PES from sub-PESs of
the monomers and their interaction in a many-body expansion.
These approaches replace the supermolecular electronic energy
calculations by calculations on its fragments. They thereby re-
duce the computational scaling of the electronic energy calcula-
tions. Moreover, the coupling between the different fragments is
restricted. Both aspects lead to a huge reduction of the computa-
tional cost compared to conventional supermolecular approaches
to construct the PESs. However, these methods have difficulties
describing inter-fragment vibrations43, which are expected to be
important in molecular systems.

Recently, we have presented a fragmentation approach for
PES generation that can be employed for both covalently bound

molecular systems and molecular aggregates.2 It combines the
n-mode expansion with many-body fragmentation schemes to
the so-called double incremental (DI) scheme. We have shown
that this approach is particularly beneficial when combined with
strictly local vibrational coordinates. For this, we apply rectilin-
ear, so-called FALCON (Flexible Adaptation of Local COordinates
of Nuclei) coordinates48. As opposed to the often-applied nor-
mal coordinates, which are delocalized over the entire molecule,
most of the FALCON coordinates are local on specific fragments.
The FALCON algorithm generates well-defined inter-fragment co-
ordinates, which are purely vibrational. We abbreviate this DI
scheme in FALCON coordinates by DIF. It leads to a huge reduc-
tion in computational cost, while being applicable to covalently
bound systems and molecular aggregates including all vibrational
degrees of freedom. The more delocalized inter-fragment coordi-
nates, however, still lead to an overall polynomial computational
scaling of this scheme. This scaling can be reduced to linear scal-
ing by introducing auxiliary coordinates that span the same space
as the inter-fragment coordinates within a certain fragment or
fragment combination. In this way, the number of coordinates
that need to be considered for a certain fragment is only depen-
dent on the fragment size, but not on the size of the full sys-
tem. This allows us to reduce the computational scaling of the
accumulated computational cost of all electronic energy calcula-
tions needed for a PES construction to linear. We are not aware
of any method achieving this considering all vibrational degrees
of freedom. This method requires the introduction of an extra
transformation step from fragment-specific auxiliary coordinates
to common overall coordinates, which may lead to an additional
error. However, first tests indicate that both the fragmentation as
well as the transformation of the potentials lead to only moder-
ate errors in the fundamental excitation energies calculated on a
vibrational self-consistent field (VSCF) level.2 These errors were
found to be below what can be expected from other error sources.

In the present study, we extend the previous work in several
ways: First and foremost, we extend the DIF and DIFACT schemes
to the computation of dipole surfaces enabling the calculation
of vibrational spectra using those property surfaces. We further-
more, for the first time, apply those potential energy and dipole
surfaces for vibrational coupled cluster (VCC)49,50 calculations,
i.e., correlated vibrational wave function calculations. We per-
form fully anharmonic damped response vibrational spectra cal-
culations51–54 to obtain vibrational absorption spectra. In the
largest of those VCC spectra calculations, 180 vibrational degrees
of freedom are included explicitly. We, hence, also demonstrate
the potential of these correlated vibrational wave function meth-
ods to be applied to significantly larger systems sizes than re-
ported earlier. For the sake of computational efficiency these
first tests rely on computationally economic electronic structure
calculations (HF-3c). We additionally validate the performance
of the fragmented property surfaces for the calculation of an-
harmonic vibrational spectra for two small molecules, namely
5-methylfurfural and dicyclopropyl ketone in combination with
a more suitable electronic structure method (RI-MP2/cc-pVTZ).
We compare the outcome of these calculations to experimental
results.
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In the following, we first briefly outline the background for
the applied methods and their extension presented in this work
in Section 2. After stating the computational details (Section 3),
we validate the methods and demonstrate their ability in repro-
ducing experimental results as well as their limits with respect
to fragment size in Section 4. Finally, we summarize the ob-
served performance and comment on the expected impact of our
method for the field in Section 5. In this context, we also out-
line further developments that will be needed to allow routine vi-
brational spectra calculations from double incremental PESs and
dipole surfaces in the future.

2 Methods
2.1 Vibrational absorption spectra from VCC damped linear

response theory
In this section, we give a brief overview of the damped response
formalism for vibrational wave function methods applied in this
work for the calculation of IR spectra. For a more comprehensive
account of this topic, we refer the reader to the overviews given
in Refs. 55,56.

The rotationally averaged absorption cross section of an IR
spectrum can within the dipole approximation be expressed as
a function of the angular frequency ω of an external field as

σγ (ω) =
ω

3ε0ch̄ ∑
k 6=0

∑
α=x,y,z

| 〈Ψ0|µα |Ψk〉 |2×

(
γ

(ω−ωk)2 + γ2 −
γ

(ω +ωk)2 + γ2

)
, (1)

where a Lorentzian broadening with the broadening constant γ

is assumed for all vibrational transitions. {|Ψ0〉 , |Ψk〉} are vibra-
tional states within the same electronic level and ωk is the respec-
tive angular transition frequency from |Ψ0〉 to |Ψk〉. µα represents
the α(= x-, y- or z-) component of the dipole operator, c the speed
of light, ε0 the vacuum permittivity, and h̄ the reduced Planck con-
stant. The direct evaluation of Eq. (1) requires the calculation of
all final vibrational states. Alternatively, the absorption cross sec-
tion can be related to the negative imaginary part of the damped
linear response function57,58

σγ (ω) =− ω

3ε0c ∑
α=x,y,z

ℑ[〈〈µα ; µα 〉〉γω ] (2)

with

〈〈µα ; µβ 〉〉
γ
ω =

1
h̄ ∑

k 6=0

( 〈Ψ0|µα |Ψk〉〈Ψk|µβ |Ψ0〉
ω + iγ−ωk

−
〈Ψ0|µβ |Ψk〉〈Ψk|µα |Ψ0〉

ω + iγ +ωk

)
, (3)

being the required linear response function. γ is again a
Lorentzian line broadening factor. In the damped response frame-
work, the absorption cross section is calculated at predefined an-
gular frequencies rather than calculating the poles of the response
function. This has the advantage that not every of the vibrational
excited states has to be targeted separately. It is, hence, particu-
larly beneficial for anharmonic vibrational spectra of larger sys-

tems with a high density of vibrational states. For theoretical
vibrational spectroscopy, this scheme has been reported for vi-
brational vibrational configuration interaction (VCI)51 and VCC
wave functions52. Moreover, a number of different schemes to
solve the damped response equations for vibrational spectroscopy
have been discussed in literature51–54. In this work, we apply
the band Lanczos approach for VCC damped response theory re-
ported in Ref. 53. Since VCC is a projection method the VCC
Jacobian becomes asymmetric, and an asymmetric band Lanczos
matrix is thereby applied. An important technical parameter in
these calculations is the so-called chain length, which determines
the size of the excitation space that is included in the theoreti-
cal description. Independent of the exact technical details, it is
evident that dipole surfaces are prerequisites for such spectra cal-
culations. This means that their efficient generation is indispens-
able for making such calculations computationally feasible also
for larger systems.

To quantify the difference between the different spectra we use
the following measure

∆S =

∫
ωend
ωbegin

∣∣σapprox(ω)−σref(ω)
∣∣dω∫

ωend
ωbegin

σref(ω)dω
, (4)

where (
∣∣σapprox(ω)−σref(ω)

∣∣) is the numerical difference be-
tween the intensities of a more approximate calculation from a
reference spectrum. This is integrated over the spectral range of
interest (ωbegin−ωend) and divided by the integral over the ref-
erence intensity (σref(ω)). This measure is applied as measure
for convergence of a spectrum with respect to the chain length as
well as to quantify the difference between spectra calculated from
fragmented and non-fragmented potential energy and dipole sur-
faces. It should be noted that ∆S has no reference to the mode
assignment. This aspect is, hence, not included in the analysis. If
not specified otherwise, the ∆S values are given using the spectra
from the non-fragmented surface at the same mode-combination
level as reference.

2.2 Double incremental approach for PES and dipole surface
generation

We begin this section with a brief sketch of the main concepts
behind the double incremental (DI) scheme to generate potential
energy surfaces and outline the efficiency gain, when this scheme
is combined with local vibrational coordinates. In this context,
we also recall, the use of auxiliary coordinates for different frag-
ments. By this we achieve overall linear computational scaling of
the accumulated cost of the single-point calculations needed in
the generation of PESs, independent of the choice of electronic
structure method. An in-depth discussion of these schemes goes
beyond the scope of this section and we refer to Ref. 2 for more
details. Finally, we generalize the double incremental schemes to
general property surfaces for extensive properties. This includes
dipole surfaces, which are prerequisites for vibrational spectra
calculations using vibrational wave function methods, as outlined
above.

The number of required single-point calculations in a PES gen-
eration, can be reduced by the so-called n-mode expansion.3–8
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This is an incremental many-body expansion in vibrational coor-
dinates, which are also denoted as modes in this context. To de-
fine the PES expansion, a set of potential energy functions (PEFs)
is introduced8, which have more generally also been called cut-
functions2. The PEFs describe the PES for a subset of n of the M
coordinates. In the full space, this is achieved by setting all but
the modes of interest to zero. For example, one- and two-mode
PEFs can be written as

V m1 =V (0, ...,0,qm1 ,0, ...,0), (5)

V m1,m2 =V (0, ...,0,qm1 ,0, ...,0,qm2 ,0, ...,0), (6)

where qm1 denotes the displacement along mode m1 from a ref-
erence point. The set of modes in a specific PEF is called a mode
combination (MC) and is expressed by an n-dimensional vector
mn. An n-dimensional PEF can thereby be denoted as V mn . These
PEFs up to a certain order in mode combination n, also denoted
as mode-coupling level, can then be combined in an incremental
many-body expansion to approximate the full-dimensional PES as

V ≈V (n) =
n

∑
l=1

∑
ml

∑
m′i⊆ml

km′i,mlV m′i , (7)

where the expansion coefficients km′i,ml ensure that all contribu-
tions are only included once. Expression (7) is equivalent to the
above-mentioned n-mode expansion. We will refer to n-mode ex-
pansions for PESs of the order n as nM expansions in the follow-
ing.

The number of single point calculations needed for this expan-
sion scales with Mn, where M is the total number of vibrational
modes in the system. More generally, we can write Eq. (7) as

V ≈V MCR = ∑
ml∈{MCR}

∑
m′i⊆ml

km′i,mlV m′i , (8)

where the so-called mode-combination range (MCR) includes all
mode combinations that are explicitly parameterized in this ex-
pansion. It can differ from the mode-level hierarchy in Eq. (7).
This MCR is commonly assumed to be closed on forming subsets,
meaning that for every included mode combination, also all sub-
sets of this mode combination are included in the MCR.

To reduce the computational cost per single-point calculation,
we employ fragmentation schemes. In these schemes the com-
putationally expensive calculation of the energy of the full sys-
tem is replaced by many calculations for different (overlapping)
fragments of the total system. When defining non-overlapping
fragments, one can formulate general fragmentation schemes in
a similar manner as the n-mode expansion above, but in terms of
fragments and fragment combinations (FCs). For this purpose, we
introduce fl as an FC with the length l. For instance, an FC with
l = 2 consists of two fragments. Consequently, the total energy
can be approximated as a weighted sum of the energy contribu-
tions as

E ≈ E( f ) =
f

∑
l=1

∑
fl

∑
f′j⊆fl

kf′j ,fl
Ef′j , (9)

where f is the maximal fragment combination level in this ex-
pansion, Ef′j is the energy of the FC f′j, and kf′j ,fl

avoids double
counting of the different interactions. We denote this expansion
up to f th order in fragment combination as f F expansion. This
expansion scales with F f with the total number of equally-sized
fragments F .

It is possible to further reduce the computational scaling to lin-
ear by exploiting the local nature of most interactions. I.e., by
only including FCs that are in spatial close proximity. This will be
referred to as neighbour-only coupling in the following and is ap-
plied by default. For this we again use a more flexible formulation
of this expansion, i.e.

E ≈ EFCR = ∑
fl∈{FCR}

∑
f′j⊆fl

kf′j ,fl
Ef′j , (10)

where the fragment combination range (FCR) has the same role
and restrictions as the MCR introduced above and can be re-
stricted to include only neighbours. In practice, we define neigh-
bours based on a distance cut-off, which can equally well be ap-
plied to molecular aggregates and covalently bound systems. In
Figure 1 we illustrate the fragmentation scheme for including up
to three fragments simultaneously (3F) for tetra-phenyl divided
into four fragments initially.

For PESs, we are interested in energy differences from a refer-
ence geometry rather than total energies. These can be written
analogously to Eq. (10) as

∆E = E−Eref ≈ ∆EFCR = ∑
fl∈{FCR}

∑
f′j⊆fl

kf′j ,fl
∆Ef′j . (11)

We can then combine the two incremental expansions to the
double-incremental (DI) expansion of the form

V MCR
FCR = ∑

fl∈{FCR}
∑

f′j⊆fl

kf′j ,fl ∑
mn∈{MCR}

∑
m′i⊆mn

km′i,mn ∆Em′i
f′j
, (12)

where ∆Em′i
f′j

is the change in energy for the fragment combination

f′j when displaced along the modes in the mode combination m′i.

∆Em′i
f′j

is trivially exactly zero, in case m′i does not change the in-

ternal structure of f′j. Moreover, this contribution cancels exactly
with lower-order terms in the n-mode expansion in case that one
or more of the modes included in m′i do not affect the structure
of f′j.

2

To get computational savings from the fragmentation ap-
proach, it is, hence, beneficial to use coordinates which are local
on fragments. We apply rectilinear semi-local coordinates, which
are obtained by Flexible Adaptation of Local COordinates of Nu-
clei (FALCON). The FALCON coordinates are purely vibrational,
and can be divided into two types of coordinates: intra-fragment
(INTRA) coordinates and inter-connecting (IC) coordinates. The
majority of coordinates are INTRA coordinates, which describe
vibrations that are strictly local on a single fragment. This re-
sults in a major reduction of the computational cost compared
to analogous calculations in normal modes. The IC coordinates
describe fragments or groups of fragments moving as semi-rigid
groups relative to each other. We refer to Ref. 2 for more details.
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(a) All FCs with l=1.

(b) All neighbour-only FCs with l=2.

(c) All FCs with l=2 of non-neighbour fragments included in a cal-
culation including up to three-FCs to make the 3F FCR closed un-
der forming subsets.

(d) All neighbour-only FCs with l=3.

Fig. 1 The fragmentation scheme for 3F neighbour-only FCR for tetra-phenyl.

In the later classification of IC modes, we distinguish between
static, i.e., non-moving groups denoted by [] and groups denoted
by (), which move as semi-rigid entities. For the example of 5-
methylfurfural divided in three fragments A (aldehyde group), B
(furan ring) and C (methyl group), the IC coordinates may look
like: (AB)↔(C) and (A)↔(B)↔[C], c.f., Figure 2. In the first ex-
ample the fragments A and B move together as one semi-rigid
unit, which moves relative to C. In the second example A and B
move relative to each other, while C stands completely still.

The double incremental expansion of the PES in FALCON co-
ordinates is denoted DIF. The DIF method has, despite the huge
reduction in computational cost, still a formal scaling of Fn+1 for
the number of single point calculations (SPCs), where F is the to-
tal number of fragments and n is the maximal number of modes
per mode combination. Linear scaling in the PES calculation can
be achieved by introducing auxiliary IC coordinates, which span
the IC space different in different fragment combinations. For the
IC coordinates given as examples before, the auxiliary coordinates
look like (A)↔(B) for the fragment combination AB and (B)↔(C)
for the fragment combination BC. In this so-called DIFACT (DIF
with auxiliary coordinate transformation) scheme, the number of
modes that need to be considered in a fragment combination is in-
dependent of the total number of fragments, and the same holds
for the number of SPCs for each fragment combination. Hence,
the total number of SPCs depends linearly on the total number
of fragments and the cost of each single point calculation is inde-
pendent of F. Both the total number of SPCs and the accumulated
cost of all required SPCs thereby scales with F, i.e., linearly with
total system size. The introduction of such intermediate auxiliary
coordinates, which are specific for a fragment combination, re-
quires an extra transformation step back to the common FALCON
coordinates. For this we build a rectangular transformation ma-
trix from the mass-weighted displacement vectors of the auxiliary
coordinates and the respective part of the common FALCON coor-
dinates for the fragment combination under consideration. This
transformation matrix is then used to transform the fitted surface
representations for the given fragment combination in auxiliary

coordinates to surface representations in common FALCON co-
ordinates. Since the applied surface representations are variant
with respect to coordinate transformation, this leads to an addi-
tional error source in the DIFACT scheme in all practical calcula-
tions. For more details on the formation of auxiliary coordinates
and the applied transformation of the surface representations, we
refer to Sections II-I and II-J in Ref. [2], respectively. In the fol-
lowing, we denote the PES with the DIF scheme up to fth order in
fragmentation and mth order in mode combination as DIF-fFmM,
and the DIFACT analogously DIFACT-fFmM.

The previous work described above only considers the PES. In
this work, the DI schemes are extended to other extensive prop-
erties. This concerns in particular dipole moment surfaces, which
are prerequisites for vibrational spectra calculations. Like the en-
ergy, the dipole moment is an extensive property with contribu-
tions from all fragments. The framework is exactly the same as
before, and the full PES or dipole moment surface can be written
as

∆X ≈ ∑
fl∈{FCR}

∑
f j′⊆fl

kf j′ ,fl ∑
mn∈{MCR}

∑
mi′⊆mn

kmi′ ,mn ∆Xm′i
f′j

, (13)

where X can be any nuclear-conformation dependent, extensive
property, e.g., the electronic energy or one of the spatial direc-
tions of the dipole moment. It is well-known that the dipole mo-
ment is origin-independent for uncharged systems.59 The total
dipole moment is thus simply obtained as a sum of contributions
of fragment combinations, when there are only uncharged frag-
ment combinations, as in all systems considered here. In practice
the dipole moment of the fragment combinations are calculated
with the origin at the center of mass of each fragment combina-
tion as this is a simple and numerically stable approach. In case of
charged fragment combinations there is with this approach an ad-
ditional contribution to the total dipole moment calculated from
the charge of each fragment combination times the difference be-
tween the origin of the full system and the origin of the respective
fragment combination.59

To assess the performance of fragmented property surfaces, it

Journal Name, [year], [vol.],1–12 | 5



Fig. 2 Illustration of examples of IC and INTRA modes in 5-methylfurfural. From left: IC modes (AB)↔(C) and (A)↔(B)↔[C], and INTRA mode in the
middle fragment (B). See main text for further explanation.

is helpful to distinguish between two types of errors, denoted as
fragmentation and transformation error, respectively: The frag-
mentation error is defined as the difference between results ob-
tained with DIF surfaces and the non-fragmented analogues. The
transformation error is the deviation between the results obtained
for DIF and DIFACT. The overall DIFACT error is then obtained
from the deviations of the DIFACT results from those obtained
with the non-fragmented surfaces for the same mode combination
level. All errors depend on the fragment-combination level, frag-
ment sizes, mode-combination level, nature of inter-connecting
modes and the employed electronic structure method. Some of
these dependencies are expected to be somewhat systematic: We
expect the fragmentation error to decrease with increased frag-
mentation level and fragment size, since the expansion is exact
in the limit of the full dimension in fragmentation expansion and
for only one fragment. The transformation error is expected to
decrease with increasing mode-combination level, since the trans-
formation error is diminished in the full dimensional case. More-
over, we expect the transformation error to be smaller the more
the final FALCON coordinates are resembled by the auxiliary co-
ordinates. This aspect is, however, more difficult to predict for
certain cases.

3 Computational details

Our general procedure for generating PESs and dipole surfaces
is as follows: For a given electronicstructure method, we (i) op-
timize the structure, (ii) define fragments (c.f., Figure 3), (iii)
generate FALCON coordinates starting from those fragments, (iv)
define a static grid and calculate the desired properties, i.e., en-
ergy and dipoles, at these grid points, and (v) fit the property val-
ues at the grid points to a functional form that we subsequently
employ in the vibrational wave function calculations.

All electronicstructure calculations have been performed with
the ORCA program suite60. We have either employed HF-3c61 or
RI-MP262,63 in combination with the cc-pVTZ basis set64 and the
corresponding auxiliary basis set for the resolution of the identity
(RI) approximation65.

In the generation of the FALCON coordinates we applied the
inverse distance as coupling estimate with a degeneracy thresh-
old of 0.001 bohr−1. For more details on this procedure we re-
fer to Ref. 48. A description of the character of the thereby ob-
tained FALCON coordinates can be found in the respective parts
of Section 4. In this step, we also generated the fragments and
fragment combinations for the double incremental schemes. The

threshold for neighbours was set to 4 bohr for methylfurfural and
dicyclpropyl ketone and 3.5 bohr for the oligo-phenyl examples.
All dangling bonds were saturated with a hydrogen atom using a
fixed, average C−H distance. For this and the contribution of the
capping atom to the displacement vectors we employed the same
procedure as reported earlier in Ref. 2.

All PESs and property surfaces have been calculated on
equidistant grids8,66 in MidasCpp67. The PES for the tetra-phenyl
and hexa-phenyl have been constructed as described in the pre-
vious work2. In this study, we additionally calculate the dipole
moments at every PES grid point, resulting in three property sur-
faces for respectively the x, y and z spatial directions. The settings
for 5-methylfurfural and dicyclopropyl ketone were chosen ac-
cordingly. The maximum number of mode couplings has in most
calculations been 2, denoted 2M. One set of calculations was per-
formed with up to 3 mode couplings, 3M, for 5-methylfurfural on
the HF-3c electronic structure level. The number of grid points at
the one-mode coupling level was 16. For the two-mode couplings
8 and for the three-mode-couplings 4 grid points were used per
mode, resulting in 64 grid points for every two-mode combina-
tion and three-mode combination, respectively. The boundaries
for the grids were set to the classical turning points of a har-
monic oscillator corresponding to the quantum number v = 10.
The PESs and property surfaces were fitted to a maximal twelve-
degree polynomial. These polynomial fits of the potential energy
and dipole surfaces were then employed in the vibrational wave
function and spectra calculations.

Error assessments are based on VSCF fundamental excita-
tion energies calculated with the VSCF implementation14 in Mi-
dasCpp67 employing the same settings as in the preceding pub-
lication2: a b-spline basis68 with a basis set density of 0.8. The
boundaries for the basis set were determined as the classical turn-
ing points for v = 10.

The vibrational spectra were calculated from VCC wave func-
tions considering mode–mode correlations up to double excited
configurations (VCC[2]). In the underlying VSCF calculations,
we employed harmonic oscillator basis sets consisting of the 11
energetically lowest lying harmonic oscillator functions for each
mode. The six lowest VSCF modals for each mode were included
in the correlated VCC treatment. All spectra calculations were
performed with the band-Lanczos VCC scheme for damped lin-
ear response calculations53. The spectra were generated from 0
to 4000 cm−1 with calculations of the damped linear response
function at every second inverse centimetre. The damping fac-
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(a) Equilibrium structure of tetra-phenyl (D2
symmetry, 42 atoms, 120 modes), HF-3c.

(b) Equilibrium structure of hexa-phenyl (D2 symmetry, 62 atoms, 180
modes), HF-3c.

(c) Equilibrium structure of 5-
methylfurfural (Cs symmetry, 14
atoms, 36 modes), RI-MP2/cc-
pVTZ.

(d) Equilibrium structure of di-
cyclopropyl ketone (C2v symme-
try, 18 atoms, 48 modes), RI-
MP2/cc-pVTZ.

Fig. 3 Molecules considered in this work and the chosen fragmentation
pattern.

tor γ was set to 10 cm−1. In the spectra calculations using the
band-Lanczos method the Lanczos chain length was as follows:
3000 for methylfurfural, dicyclopropyl ketone and tetra-phenyl
and 2200 for hexa-phenyl. We refer to the ESI for a more de-
tailed account on the convergence of the vibrational absorption
spectra and the error assessments for the fragmented schemes
with respect to the chain length.

Data points from experimental spectra have been extracted
with the use of a plot digitizer69.

4 Results and discussion
4.1 Spectra for oligo-phenyls
For first validations of the fragmented dipole surfaces for vi-
brational spectra calculations, we have chosen tetra- and hexa-
phenyl (see Figures 3a and 3b). For these examples, some of
the present authors have previously reported good performance
of DIF and DIFACT PESs for VSCF calculations.2 Here, we ex-
tend this study to dipole surfaces and VCC[2] vibrational spectra
calculations. We further extend the convergence test of the dou-
ble incremental expansion to up to four-fragment combinations in
the hexa-phenyl case. Note that we include all 120 and 180 vibra-
tional degrees of freedom, respectively, in these calculations. The
chosen fragmentation pattern is displayed in Figures 3a and 3b.
The inter-connecting FALCON coordinates are as in the previous
work of the kinds [A]-(B)↔(C)-[D] and (A)↔(B-C)↔(D) in case
of tetra-phenyl, and [A-B]-(C)↔(D)-[E-F], [A]-(B)↔(C-D)↔(E)-
[F] and (A)↔(B-C-D-E)↔(F) for hexa-phenyl, where each letter
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Fig. 4 Band Lanczos VCC[2] IR spectra for tetra-phenyl obtained with
different fragmented and non-fragmented 2M potential energy and dipole
surfaces (HF-3c).

Table 1 ∆S deviation measures (arb. units) for the vibrational spectra of
tetra-phenyl for the different 2M fragmented property surfaces (DIF and
DIFACT) up to fragment combination level two (2F) and three (3F), re-
spectively, (HF-3c)

2F 3F
DIF 0.0634 0.0300
DIFACT 0.0656 0.0523

denotes a phenyl ring. See Ref. 2 for further details. For the
sake of computational feasibility, we restrict ourselves in these in-
ternal validations to HF-3c singlepoint calculations. We do not
expect agreement with experimental results in this part of the
validation.

Figure 4 shows the calculated spectra for tetra-phenyl with 2F
and 3F fragmentation levels for both DIF and DIFACT in com-
parison to the non-fragmented case. In the presented scale, the
spectra are hardly distinguishable and we make use of the ∆S
measures in Eq. (4) to analyse the differences, see Table 1. The
deviations decrease with increasing fragmentation level and are
larger for the DIFACT than for the DIF case. The difference be-
tween DIF and DIFACT is larger for the 3F than for the 2F frag-
mented surfaces. These observations are in line with the error
assessment in Ref. 2 based on VSCF fundamental excitation ener-
gies and the expectations: DIF is free of the transformation error
and is therefore expected to be more reliable. The transformation
error is, in contrast to the fragmentation error, not expected to de-
crease systematically with increasing fragmentation level. Hence,
the contribution of the transformation error to the overall error is
expected to be larger for higher fragment combination levels, as
found in our results.

In Figure 5 the hexa-phenyl spectra are presented, which were
calculated with the same methods as for tetra-phenyl. Addition-
ally the 4F fragmentation level was investigated for both DIF and
DIFACT. Again, the agreement of the spectra is remarkable and
we use the deviation measures in Eq. (4) to quantify the devi-
ations. These are shown in Table 2. As expected and seen for
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Fig. 5 Band Lanczos VCC[2] IR spectra for hexa-phenyl obtained with
different fragmented and non-fragmented 2M potential energy and dipole
surfaces (HF-3c).

Table 2 ∆S deviation measures (arb. units) for the vibrational spectra of
hexa-phenyl for the different 2M fragmented property surfaces (DIF and
DIFACT) up to fragment combination level two (2F), three (3F) and four
(4F), respectively, (HF-3c).

2F 3F 4F
DIF 0.1053 0.0559 0.0293
DIFACT 0.1110 0.0596 0.0371

tetra-phenyl, the ∆S values decrease systematically with increas-
ing the fragmentation level. We note that the deviations in the
spectra for the different PES representations for hexa-phenyl are
of the same order as the errors due to a reduced chain length.
This introduces some uncertainties in the convergence measures
with fragmentation level. We refer to the ESI for a more detailed
discussion of the convergence of the vibrational absorption spec-
tra with the chain length. We would like to stress that the errors
from the reduced chain length as well as fragmentation schemes
are in general smaller than the errors that can be expected from
other sources.

With these initial validations on tetra- and hexa-phenyl, we
have shown that the double incremental scheme can provide
reliable PESs and dipole surfaces for vibrational spectra calcu-
lations with correlated vibrational wave function methods. We
have thereby extended this conclusion to dipole surfaces, and vi-
brational spectra calculations, which have not been included in
our previous work2. Noteworthy, already our computationally
least expensive DIFACT-2F2M scheme for property surfaces leads
to very good agreement of the corresponding vibrational spectra
with that for the non-fragmented surfaces for both examples, i.e.,
tetra-phenyl and hexa-phenyl.

4.2 Error assessment and spectra for 5-methylfurfural
The applied molecular structure as well as the chosen fragmen-
tation pattern for 5-methylfurfural are shown in Figure 3c. The
obtained FALCON-type IC coordinates are of type (A)↔(B)↔[C]
and (A-B)↔(C), respectively, where A is the aldehyde group, B,

Table 3 Overview of the error assessment for zero-point energies (ZPEs)
and differences in VSCF state energies for fundamental states from the
ZPE (∆E) for 5-methylfurfural for different 2F2M HF-3c PES, 2F3M HF-3c,
and 2F2M RI-MP2/cc-pVTZ calculations.

2F2M 2F3M 2F2M
(HF-3c) (HF-3c) (RI-MP2/cc-pVTZ)

Difference in ZPE / cm−1

Fragmentation error 7.74 7.85 −12.73
Transformation error −4.29 −1.75 −3.47
Error DIFACT 3.45 6.10 −16.20

RMSD(∆E) / cm−1

Fragmentation error 2.49 2.45 2.51
Transformation error 4.45 3.21 2.16
Error DIFACT 5.46 4.21 4.06

Maximal absolute deviation (∆E) / cm−1

Fragmentation error 7.32 7.29 6.73
Transformation error 22.75 17.61 9.62
Error DIFACT 24.10 18.84 13.05

the furan ring and C the methyl group. A more detailed as-
signment of the individual FALCON coordinates can be found in
the ESI. The smaller molecular size of 5-methylfurfural allows
a more accurate electronic structure method than for tetra- and
hexa-phenyl. For this reason, we apply RI-MP2/cc-pVTZ elec-
tronic structure points, noting that MP2 has shown to give rea-
sonable results in more approximate anharmonic vibrational cal-
culations70. With these calculations, we aim at validating our
computational setup internally and to experimental results.

Before discussing the actual spectra calculations, we first assess
the use of fragmented PESs for this molecule. The fragmented
PESs are assessed based on VSCF calculations. More precisely, we
compare VSCF zero-point energies (ZPEs) and VSCF fundamen-
tal excitation energies for DIF, DIFACT, and the non-fragmented
calculation. We have performed this error assessment for 2F2M
HF-3c, 2F3M HF-3c and 2F2M RI-MP2/cc-pVTZ potential energy
surfaces. The purpose of the 2F2M HF-3c calculations is to re-
late the obtained error to previously obtained errors for the same
expansion and methods for the oligo-phenyls2. The 2F3M HF-3c
method was applied to investigate the impact of increasing the
mode-combination level in the PES. The error assessment for RI-
MP2/cc-pVTZ is performed to investigate the effect of changing
the electronic structure method.

A summary of these error assessments for the ZPE and devi-
ation of the VSCF fundamental excitation energies is shown in
Table 3. A more detailed error analysis distinguishing between
the different types of modes, i.e., INTRA and IC modes, can be
found in Tables S-IV to S-VI in the ESI.

For the fragmented HF-3c PESs, we obtain rather stable frag-
mentation errors regardless of the mode combination level:
The fragmentation error for the ZPE lies in both cases around
7.8 cm−1 and the RMSD of the fundamental excitation energies at
2.5 cm−1 with a maximal deviation of 7.3 cm−1. The transforma-
tion error decreases when increasing the mode-combination level
from 2M to 3M slightly for all measures. For instance, the RMSD
for the fundamental excitation energies decrease from 4.45 cm−1

to 3.21 cm−1. The observed decrease with increasing maximal
mode-combination level meets the expectations (c.f., the discus-
sion on the different error types in Section 2). For the fragmenta-
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Fig. 6 Band Lanczos VCC[2] IR spectra for 5-methylfurfural and exper-
imental data 71. The calculated spectra are obtained with different frag-
mented and non-fragmented 2M energy and dipole surfaces (RI-MP2/cc-
pVTZ). The experimental data has been scaled so that the largest peaks
in the experimental and calculated spectrum are at the same intensity
and is plotted pointing downwards.

tion error such arguments with respect to the mode-combination
level do not apply.

For the 2F2M surfaces obtained with RI-MP2/cc-pVTZ, we ob-
serve a somewhat larger absolute fragmentation error in the ZPE
of 12.73 cm−1 than for the HF-3c analogue (7.74 cm−1). This also
carries over to a larger absolute overall DIFACT error in the ZPE
of 16.20 cm−1. The transformation errors in the fundamental en-
ergies amount to an RMSD of 2.51 cm−1 and 6.73 cm−1 maximal
deviation. These lie in the same range as obtained for HF-3c. The
transformation error in the 2F2M RI-MP2/cc-pVTZ case is with
an RMSD of the fundamental excitation energies of 2.16 cm−1

slightly smaller than that for the HF-3c analogue of 4.45 cm−1.
All in all, we obtain similar errors for the fundamental excitation
energies with these two electronic structure methods. These er-
rors are generally smaller than what can be expected from other
error sources and we conclude that the DIF and DIFACT schemes
can be successfully applied to 5-methylfurfural.

In Figure 6, the calculated spectra for 5-methylfurfural for RI-
MP2/cc-pVTZ property surfaces are presented together with ex-
perimental data71. The most striking observation to emerge from
comparison of the computed spectra is that they agree remark-
ably well. Both, the positions and shape of the peak are well
represented by using the fragmentation methods. Some devia-
tions are obtained in the intensities. We again quantify the dif-
ference in the spectra by the ∆S measures introduced in Eq. (4).
They amount to 0.1574 for DIF-2F2M and 0.1627 for DIFACT-
2F2M, respectively. ∆S is, hence, larger for DIFACT than DIF, but
the difference between the two fragmentation methods is small.
This suggests that the above-discussed transformation error has
only small consequences for the final spectrum in this case. This
assumption is confirmed by a small ∆S value of 0.0313 for the
DIFACT spectrum with respect to the DIF spectrum as reference.
The overall features of the experimental spectrum are very well
captured in all calculated spectra over the whole experimental

Table 4 Zero-point energies (ZPEs), root mean square deviations and
maximum absolute deviations of the difference in VSCF state energies
for fundamental states from the ZPE (∆E) for dicyclopropyl ketone for
different 2M RI-MP2/cc-pVTZ PES calculations. The deviations for inter-
connecting (IC) modes and intra-fragment (INTRA) modes are listed sep-
arately. All energies are given in cm−1.

2M DIF-2F2M DIFACT-2F2M
ZPE 34042.55 33986.20 33976.40

∆ ZPE to
2M -56.34 -66.14
DIF-2F2M -9.80

Root mean square deviation of ∆E to
2M 20.15 19.70
2M only IC 41.89 40.97
2M only INTRA 2.24 2.18
DIF-2F2M 3.08
DIF-2F2M only IC 5.97
DIF-2F2M only INTRA 1.29

Maximum absolute deviation of ∆E from
2M only IC 86.93 84.78
2M only INTRA 5.22 4.91
DIF-2F2M only IC 13.82
DIF-2F2M only INTRA 7.03

spectral range from 500 cm−1 to 3850 cm−1. The main differ-
ences are obtained around 3000 cm−1. A better resemblance to
the experimental spectrum may be obtained by applying a larger
broadening factor in the calculations. All in all, we obtain a very
good agreement of the simulated spectra with the experimental
spectrum, regardless of the fragmentation approximation.

4.3 Error assessment and spectra for dicyclopropyl ketone
To further investigate the fragmentation schemes, we have per-
formed additional calculations for dicyclopropyl ketone. Here
we only employ the most stable cis-cis conformation, despite
a small percentage of other conformations in the experimental
spectrum72. The fragmentation pattern used in this case differs
from those for 5-methylfurfural by having a smaller middle frag-
ment. Another difference is that the dicyclopropyl is in contrast to
5-methylfurfural symmetric in the sense that the two outer frag-
ments are symmetry equivalents (c.f., Figure 3d). This leads to
delocalized IC coordinates of the type (A)↔(B)↔(C), where A
and C are the two cyclopropyl rings and B is the carbonyl group.

In Table 4, the detailed VSCF error assessment for dicyclopropyl
ketone calculated with potential energy and property surfaces at
RI-MP2/cc-pVTZ level is presented. The fragmentation error in
the ZPE amounts to −56.34 cm−1 and the RMSD of the fun-
damental VSCF excitation energies is found to be 20.15 cm−1.
The unsigned transformation error lies with 9.8 cm−1 for the ZPE
clearly below the fragmentation error in this case. An individ-
ual error assessment for IC and INTRA modes shown in Table 4
reveals that all the errors are larger for the IC modes than for
the intra-fragment ones. Especially for the maximum deviation of
the energy difference, there is a huge difference between the IC
and INTRA modes of more than 80 cm−1. This larger deviation
has been expected, since the IC modes span the full molecule in
this case, meaning that they are not fully contained in a consid-
ered fragment combination. Moreover, the central fragment is so
small that the interaction between the outer fragments is likely
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Fig. 7 Band Lanczos VCC[2] IR spectra for dicyclopropyl ketone and
experimental data 72. The calculated spectra are obtained with differ-
ent fragmented and non-fragmented 2M energy and dipole surfaces
(RI-MP2/cc-pVTZ). The experimental data has been scaled so that the
largest peaks in the experimental and calculated spectrum are at the
same intensity and is plotted pointing downwards.

not negligible. All in all, the fragmentation errors obtained for
the dicyclopropyl ketone are, thus, significantly larger than the
one for 5-methylfurfural (c.f., Table 3).

In Figure 7, the calculated and experimental spectra are shown
for dicyclopropyl ketone. We recall that in the experimental
spectrum also small contributions from other conformers are
present72, which we neglect here. We find that the DIF and
DIFACT spectra are in good agreement, but differ rather signif-
icantly from the spectrum obtained with non-fragmented prop-
erty surfaces. Particularly large deviations between the regular
and the fragmentation calculation are observed in the spectral re-
gions around 1200 cm−1 and 1500 cm−1. This is also reflected in
the similar, but high ∆S values for these spectra of 0.6874 for DIF
and 0.6848 for DIFACT, respectively. This finding is in line with
the above described significant larger fragmentation than trans-
formation error.

The regular 2M non-fragmented spectrum agrees well with the
experimental data. This agreement confirms the applicability of
the electronic and vibrational methods as well as FALCON coordi-
nates for the calculation of vibrational spectra. The deviation of
the fragmented results from the non-fragmented ones, however,
demonstrates the limitation of the fragmentation scheme in case
of small fragments and low maximal fragmentation level.

4.4 Error assessment across different molecules
In the above sections, we have investigated the effect of tech-
nical parameters, such as fragment-combination and mode-
combination level as well as employed electronic structure meth-
ods for the individual molecules. Here, we will discuss the dif-
ference in performance of the fragmented methods for the dif-
ferent molecules. We will restrict ourselves in this discussion to
2F2M expanded surfaces and the RMSD of the fundamental ex-
citation energies. Due to the small set of investigated molecules,
this cannot be considered a benchmark of the method, we still

Table 5 Fragmentation (F) and transformation (T) errors in terms of root
mean square deviations (RMSDs) for VSCF fundamental excitation en-
ergies obtained for different molecules with 2F2M expanded potential en-
ergy surfaces with either HF-3c or RI-MP2/cc-pVTZ electronic structure
points. Additionally, the smallest number of bonds between two connect-
ing atoms in the fragmentation (Bonds) is given. We refer to the main text
for further explanation

RMSD
∆E VSCF / cm−1

Molecule Bonds Method F T Ref
tetra-phenyl 3 HF-3c 0.56 0.44 2
hexa-phenyl 3 HF-3c 0.75 0.49 2
5-methylfurfural 2 HF-3c 2.49 4.45
5-methylfurfural 2 RI-MP2 2.51 2.16
dicyclopropyl ketone 0 RI-MP2 20.15 3.08

like to give an overview on the observed performance for the dif-
ferent molecules. In Table 5, we relate the obtained RMSDs to the
smallest number of bonds between two atoms in a fragment that
connect to other fragments. This is taken as a measure for the dis-
tance between two non-neighbouring fragments. In this limited
set of molecules, the fragmentation error increases systematically
with decreasing minimal distance of two non-neighbouring frag-
ments. The transformation error, however, is less systematic, it is
higher for the small molecular systems, i.e. 5-methylfurfural and
dicyclopropyl ketone than for the larger oligo-phenyl examples.

5 Conclusions
We have extended our previous implementation of an efficient
fragmentation-based scheme for generation of potential energy
surfaces2 for vibrational wave function calculations denoted dou-
ble incremental FALCON schemes to other property surfaces. This
concerns in particular dipole surfaces, which are prerequisites for
the calculation of vibrational spectra from anharmonic vibrational
wave functions. Hence, we have extended the applicability of
these methods to spectra calculations. We have assessed the new
efficient fragmentation scheme for vibrational spectra of oligo-
phenyls up to 180 vibrational degrees of freedom for different
orders of fragmentation expansion. In line with earlier assess-
ments for potential energy surfaces only, we find that already our
computationally least demanding, linear-scaling DIFACT-2F2M
scheme leads to smaller errors from the PES description than
can be expected from a number of other error sources, given that
reasonable-sized fragments are defined.

5-methylfurfural spectra calculated with RI-MP2/cc-pVTZ
property surfaces revealed that good results similar to experimen-
tal data can be obtained with all the applied schemes, includ-
ing the DIFACT-2F2M approach. Dicyclopropyl ketone showed to
be less suitable for the application of the double incremental ap-
proach. In this case, the fragmentation error was very large both
in the VSCF error assessment and the spectra calculations. These
larger deviations can most likely be related to the small middle
fragment in the chosen fragmentation of dicyclopropyl ketone.

In general, the accuracy difference between the more rigor-
ous, but polynomial scaling DIF and the more approximate and
linear-scaling DIFACT scheme has been surprisingly small for all
the molecules. In conclusion, the linearly scaling double incre-
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mental approach for PESs and dipole surfaces has been shown to
provide good results and pushes the molecular size limitations for
calculations of anharmonic vibrational spectra.

In future work we plan to integrate the double incremental ap-
proach with the Adaptive Density-Guided Approach (ADGA)11.
These developments will be crucial to enable routine application
of the double fragmented potential energy surfaces, since it al-
lows to automatically choose suitable grids. Furthermore, in these
schemes, the grid points are chosen based on their expected im-
portance instead of as the currently applied equidistant grid. This
will further reduce the number of grid points and thereby the
computational cost14.
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M. B. Hansen, J. Kongsted, E. L. Klinting, C. König, S. A.
Losilla, D. Madsen, N. K. Madsen, E. Matito, P. Seidler,
K. Sneskov, M. Sparta, B. Thomsen, D. Toffoli and A. Zoccante,
MidasCpp (Molecular Interactions, dynamics and simulation
Chemistry program package in C++), 2016.

68 D. Toffoli, M. Sparta and O. Christiansen, Mol. Phys., 2011,
109, 673–685.

69 WebPlotDigitizer, http://arohatgi.info/

WebPlotDigitizer, Accessed: 2017-06-10.
70 T. K. Roy, T. Carrington and R. B. Gerber, J. Phys. Chem. A,

2014, 118, 6730–6739.
71 Methylfurfural experimental spectrum, http://webbook.

nist.gov/, Accessed: 2017-06-10.
72 C. J. Wurrey, C. Zheng, G. A. Guirgis and J. R. Durig, Phys.

Chem. Chem. Phys, 2004, 6, 2125.

12 | 1–12Journal Name, [year], [vol.],

http://arohatgi.info/WebPlotDigitizer
http://arohatgi.info/WebPlotDigitizer
http://webbook.nist.gov/
http://webbook.nist.gov/

	AM Coversheet Skabelon 2018
	anharmonic_vibrational_spectra_di_pes
	Introduction
	Methods
	Vibrational absorption spectra from VCC damped linear response theory
	Double incremental approach for PES and dipole surface generation

	Computational details 
	Results and discussion 
	Spectra for oligo-phenyls
	Error assessment and spectra for 5-methylfurfural
	Error assessment and spectra for dicyclopropyl ketone
	Error assessment across different molecules

	Conclusions 


