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ABSTRACT
Wepresent anextensive analysis of one- and two-photonabsorptionprocesses in someorganichost-
guest (H-G) complexes using linear and quadratic response theory within the framework of time-
dependentdensity functional theory. For this purpose,wehave considered all possible 20host-guest
complexes constructed from 4 host and 5 guest molecules. We have analysed how the one- and
two-photon activity of the host and guest molecules are transferred to the respective host-guest
complexes and how the electron donating and electron accepting ability of host-guest complexes
affect their two-photon activity. Based on an analysis using the concept of channel interference, we
have performed an in-depth analysis of the two-photon absorption processes in all these systems
and provided a microscopic explanation for their variation among different complexes.

ARTICLE HISTORY
Received 8 March 2020
Accepted 28 April 2020

KEYWORDS
Host-guest complexes;
two-photon absorption;
response theory; non-linear
optics; computational
chemistry

1. Introduction

The chemistry of host-guest systems, where two iden-
tical or different subsystems (molecules/ions) are held
together and interact with each other in a non-covalent
way, such as via van der Waals forces, hydrogen bond-
ing, or π –π interactions, falls under the broad subject
area of ‘supramolecular chemistry’ and ‘molecular recog-
nition’ [1,2]. As the name suggests, a host-guest system
consists of two components – a host and a guest, both of
which can either be neutral molecules or ions. The host
generally has a cavity-like space or a suitable space to hold
another molecule, which is then called the guest. Such
systems are also recognised in biology [3], where they
are denoted as enzyme-receptor systems and/or lock-key
system. Protein folding processes involve excellent exam-
ples of host-guest systems in biology [4]. Currently, a
main driving force for the interest in host-guest systems is
their potential role in cutting-edge advances in fields such

CONTACT Kenneth Ruud kenneth.ruud@uit.no Department of Chemistry, Hylleraas Centre for QuantumMolecular Sciences, UiT–The Arctic
University of Norway, Tromsø N-9037, Norway

as nano-technology [5], green chemistry, catalyst design
[6], and medicinal chemistry [7] to mention a few.

The synthesis of crown ethers, which are known to
bind specific cations selectively, by Pederson et al. in
1967 was the beginning of host-guest chemistry [8,9].
Since then several other hosts, for example, cyclodex-
trins [10,11], calixarenes [12,13], cucurbiturils [14,15]
etc. have been synthesised and studied extensively. These
molecules host different types of molecules or ions.
Recently, ExBox4+ and Ex2Box4+ have been synthe-
sised by Stoddart et al. in 2013 [16]. These systems
take a box-like structure and host a number of poly-
cyclic aromatic hydrocarbons [16,17]. One year later, in
2014, Das and Chattaraj theoretically studied host-guest
systems consisting of ExBox4+ and aromatic hydrocar-
bons/azine [18]. Pillar[n]arenes, pillar-shaped macro-
cyclic hosts with a hydrophobic cavity, can accommo-
date different guest molecules, and were synthesised by
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Ogoshi et al. in 2008 [19]. The progress in host-guest
chemistry of pillar[n]arenes is well documented in a
recent review by Guo et al. [3].

Another well-known type of host molecules that can
host aromatic guest molecules are molecular tweez-
ers [20]. These were first synthesised in 1978 byWhitlock
and Chen and are characterised by two more or less rigid
and flat aromatic pincers separated from each other by
a covalently bonded spacer [20]. Based on their study,
Whitlock andChen concluded that the binding of an aro-
matic guest molecule in molecular tweezers is enhanced
if two rigid pincers in the latter are in syn conformation
and separated from each other by a distance of 7 Å [20].
Based on this strategy, several other tweezer molecules
have been synthesised and studied [21–23]. Such sys-
tems have also been studied and explored theoretically.
Recently, in 2012, Jacquemin et al. [24] used dispersion-
corrected density functionals to study the interaction
of small organic molecules with a moleular tweezer. In
another theoretical study, Grimme et al. [25,26] stud-
ied the geometries and binding energies of molecular
tweezers and clips with six different aliphatic and aro-
matic substrates. In 2009, Chakrabarti and Ruud theoret-
ically studied the two-photon absorption (TPA) process
in the molecular tweezer-TNF host-guest system [27].
They found that tweezer-TNF display a very large TPA
cross-section as compared to the constituents. In another
work, the same authors theoretically studied the TPA
process in yet another host-guest system – fullerene
bound in a buckycatcher [28]. In this complex, they
observed that one of the constituents (buckycatcher) has
much larger TPA cross-section than the complex itself.
Nevertheless, the complex showed fairly large TPA cross
sections at desirable near-IR wavelengths. This was later
confirmed experimentally [29]. Several other theoreti-
cal studies have also been conducted on systems having
molecular tweezers as host and other organic molecules
as guest [30–33]. All these works clearly indicate that
molecular properties change when two systems combine
together to form a host-guest system. However, questions
such as how the nature of the host and guest molecules
as electron donor and/or acceptor influences the over-
all molecular properties such as TPA has not yet been
addressed. To fill this gap, in the present work we study
theTPAprocess in a number of host-guest complexes.We
will also study the role of the donor/acceptor nature of the
host and guest molecules on the two-photon absorption
(TPA) process in the resultant host-guest systems.

The rest of the paper is organised as follows. In
Section 2 we describe the computational details, before
we in Section 3 discuss our results. We start this lat-
ter discussion by considering the structures and binding
energies of the complexes in Section 3.1, before we turn

to a discussion of one-photon and two-photon absorp-
tion properties of these complexes in Sections 3.2 and 3.3,
respectively.We then analyse the origins of the TPAusing
a generalised few-state model (GFSM) in Section 3.4. We
end the paper with a summary and some concluding
remarks in Section 4.

2. Computational details

For this work, we have considered 4 host (H1–H4) and
5 guest (G1–G5) molecules, as shown in Figure 1. By
considering all possibilities of the host and guest com-
binations, these 9 molecules give a total of 20 host-
guest (H–G) complexes. We have considered all these 29
molecules (4 H, 5 G, and 20 H–G) in this work. 11 out
of these 29 molecules have been synthesised and studied
for various properties by different researchers. For exam-
ple, H1, G3 andH1G3 have been synthesised by Petitjean
in 2004 [34]. The TPA properties of these molecules
have been studied theoretically by Chakrabarti and Ruud
in 2009 [27]. Furthermore, the role of dipole alignment
(a.k.a. channel interference) on the TPA in the H1G3
complex has been explored theoretically by Alam et al.
in 2012 [35]. In the same year, Friese et al. [30] studied
the TPA in a slightly modified H1G3 complex at the CC2
level of theory. The H4, G1 and H4G1 have been synthe-
sised by Peng et al. in 2007 [36]. The molecule H2, which
is a chiral tweezer, and the complex H2G3 have been syn-
thesised by Legouin et al. in 2009 [37]. Another chiral
tweezer H3, the guest G5 and the complex H3G5 have
been syntesised by Harmata et al. in 1990 [38].

The ground-state geometries of all the 29 systems in
vacuum have been optimised at the B3LYP/6-311G(d,p)
level of theory with tight convergence criteria, fine or
ultrafine grid for integration and empirical dispersion
GD3B [39], as implemented in the Gaussian16 pro-
gram package [40]. We observed that 9 out of the 29
systems display very small (< 16 cm−1) imaginary fre-
quencies. All of the systems having imaginary frequen-
cies are either the host molecules or host-guest com-
plexes. A close inspection of these imaginary frequencies
indicate that the imaginary frequencies correspond to
a slow movement of two pincers in the host molecule
and/or the slow movement of the guest molecule in the
respective host-guest systems. Therefore, these imagi-
nary frequencies can be attributed to the floppy struc-
tures of the host and/or host-guest systems. The small
imaginary frequencies due to the floppy structure of the
molecules are very difficult to remove. The maximum
values of the imaginary frequencies we encountered were
in the range i1.6–i14.5 cm−1. We tried without success,
the verytight optimisation criterion in combination with
superfine integration grid. Apart from this, we also tried
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Figure 1. Structures of host and guest molecules considered in this work.

without any success, to start the geometry optimisation
from different initial structures. After the failure of all
these attempts in converging to a true minimum energy
structure, we moved to the last resort i.e. using a dif-
ferent combination of exchange-correlation functional
and basis set. Finally, for all the problematic cases we
obtained converged ground-state geometries with all real
vibrational frequencies at the MPW1PW91/6-311G(d)
level of theory. For further calculations, we took the fully
converged geometries only.

After geometry optimisation and vibrational fre-
quency calculations, we performed linear and quadratic
response theory [41] calculations on all the 29 systems
at the CAM-B3LYP/cc-pVDZ level of theory as imple-
mented in the LSDALTON code [42,43] to obtain the
one- and two-photon absorption (OPA and TPA) param-
eters along with the transition dipolemomentmatrix ele-
ments between different states. The CAM-B3LYP func-
tional was chosen due to its excellent performance for
charge-transfer excitations [44–46], as many of the rel-
evant TPA intense transitions correspond to charge-
transfer transitions to/from the host from/to the guest
molecule (vide infra). Transition dipole moment matrix
element calculations in LSDALTON allow the value of
transition dipole moment vectors for transitions between
different states to be obtained, i.e. for both ground to
excited state transitions as well as for transitions between
two excited states). It also gives the values of dipole
moments of the ground and different excited states. The
OPA parameters and transition dipole moments have
been calculated for the first 10 singlet excited states
in each molecule. However, considering the size of the
systems and the computationally expensive feature of

quadratic response theory calculations, we restrict our-
selves to TPA of the first 4 singlet-excited states in each
system.Using the transition dipolemoment elements and
one-photon absorption parameters, we have performed
an in-depth channel interference analysis of the TPA pro-
cesses in all the systems considered. All the calculations
are performed in vacuum.

3. Results and discussions

The Cartesian coordinates of the optimised ground-state
geometries of all the 29 systems considered in this work
have been provided in the supporting information. The
optimised structures of all the host-guest systems are
shown in Figure 2. It is interesting to note that the two
pincers in the optimised geometry of the pristine host
molecules are usually not parallel to each other. However,
in the host-guest systems, the two pincers are mostly par-
allel to each other. The distances between two pincers in
each of the 20 H-G complexes as well as in the pristine
host molecules are presented in Table 1, and correspond
to the distances between the centroids of two pincers
in the respective systems. The distance obtained for the
H2G3 complex matches excellently (7.07Å vs 7.02Å) the
result obtained for a similar complex using the B97-D
functional by Granton et al. [24] In general, the distances
in the H-G complexes are almost the same as those in
the respective pristine host molecules. However, in the
HnGm (n = 2, 3;m = 1−5) complexes, these differences
are noticeably larger. This is correlatedwith a larger num-
ber of electronegative atoms in the pincers of the H-G
complexes. The unusually larger distance in these H4G3
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Figure 2. Structures of all 20 host-guest complexes considered in this work.

Table 1. Distance (in Å) between the two pincers in pristine host
molecules as well as in 20 host-guest complexes.

Hosts→ H1 H2 H3 H4
Guests ↓
No guest 7.31 4.36 4.59 8.33
G1 7.24 6.73 6.44 8.19
G2 7.54 6.84 6.75 8.41
G3 7.26 7.07 6.50 9.49
G4 7.32 6.67 6.35 8.27
G5 7.18 6.96 6.43 10.49

andH4G5 complexes are due to the proximity of the oxy-
gen atoms present in the G3 and G5 guest molecules with
the eight oxygen atom in H4.

3.1. Dispersion and interaction energies of the
host-guest complexes

For a non-bonded complex A. . .B, where A and B
are the two constituent subsystems of the complex, the
counterpoise-corrected binding energy�Ebinding is given

by [47]

�Ebinding = EABAB −
(
EABA + EABB

)
, (1)

whereEABAB,E
AB
A andEABB are respectively the energy of the

complex, subsystem A and subsystem B, calculated using
the basis set for the complex.

Dispersion forces play an important role in the the
bonding of the host-guest complexes [24]. From Table 2,
where we report the counterpoise-corrected binding
energy (�Ebinding) bothwith andwithout dispersion cor-
rections in the exchange–correlation functional, it is clear
that this also applies to our host-guest complexes. The
binding energies have been calculated at the same level
of theory as used for geometry optimisation, using the
counterpoise method implemented in the Gaussian16
program package.

The data in Table 2 show that without dispersion cor-
rections, none of these complexes would be stable. We
also note that the H1 and H2 molecules form the most
stable complexwith theG3molecule, whereasH3 andH4
hosts form the most stable complex with G4. In general,
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Table 2. Binding energies (in kCal/mol) of all the 20 host-guest
complexes considered in this work. The first number in each cell
represents the binding energy obtained after including disper-
sion correction in the calculation, whereas the second number
represent the same without dispersion correction.

Hosts→ H1 H2 H3 H4
Guests ↓
G1 −21.12 −34.57 −25.47 −30.10

8.62 18.87 19.50 13.72
G2 −16.63 −31.71 −25.51 −29.36

6.12 18.27 20.37 19.76
G3 −34.20 −40.55 −36.92 −44.46

2.57 16.54 13.61 6.93
G4 −32.39 −37.33 −38.24 −46.28

−0.19 18.49 9.73 2.25
G5 −29.08 −34.81 −34.42 −26.65

0.69 13.63 8.25 −0.52

the complex of any of the four host molecules with G3 are
very stable. The most stable host-guest complex is H4G4(
�Ebinding = −46.28 kCal/mol

)
and the least stable one

is H1G2
(
�Ebinding = −16.63 kCal/mol

)
. H4G3 is the

second most stable complex
(
�Ebinding = −44.46 kCal/

mol).

3.2. One-Photon absorption in host, guest, and
host-guest molecules

Theoretically, one-photon absorption (OPA) is charac
terised by the unitless oscillator strength (δOPA), given
as [48]

δOPA = 2
3
ω0f |μ0f |2, (2)

where ω0f and μ0f are, respectively, the excitation ener-
gies and transition dipole moment vector for a transition
between states |0〉 and |f 〉. In addition to this, useful
insights about an OPA process in a compound can also
be obtained from the contributions of different orbital
transitions. The numerical data forOPAparameters (ω0f ,
μ0f , and respective orbital contributions) of all systems
studied here are presented in the supporting information.

OPA data for the brightest OPA state of the four lowest
singlet-excited states for each host and guestmolecule are
presented in Tables 3–5, respectively.

The data in the supporting information suggest that
among the four hostmolecules, the fourth singlet-excited
state of H3 is the most OPA active state. It has a sin-
gle strong peak at 254 nm with δOPA = 0.46. This peak
is in fact a combination of two peaks – one at 254 nm
(δOPA = 0.46) and another one at 259 nm (δOPA = 0.13).
H1 has three distinct peaks at around 342 nm, 302 nm,
and 280 nm, among which the first one has the largest
δOPA value. The other two hosts, i.e. H2 and H4, has
two peaks each – H2 (285 nm, 308 nm) and H4 (250 nm,
257 nm). It is interesting to note that the brightest peak

Table 3. One-photon absorption parameters for the brightest
state in four host molecules, calculated at the CAM-B3LYP/cc-
pVDZ level of theory.

Ex. ω0f λ Orbital
System state (eV) (nm) δOPA contributions

H1 2 3.62 342 0.20 H-1 – L 0.61
H2 2 4.02 308 0.20 H – L 0.38

H – L+2 0.31
H-1 – L+1 −0.24

H3 4 4.89 254 0.46 H-1 – L 0.45
H – L+1 −0.43

H4 2 4.96 250 0.15 H-1 – L+2 0.50
H-1 – L+4 0.25

Table 4. One-photon absorption parameters for the brightest
state in five guest molecules, calculated at the CAM-B3LYP/cc-
pVDZ level of theory.

Ex. ω0f λ Major orbital
System state (eV) (nm) δOPA contributions

G1 3 3.69 336 1.18 H – L [0.71]
G2 6 4.84 256 0.39 H – L+3 [0.63]

H – L+5 [-0.30]
G3 10 4.54 273 0.12 H-2 – L [0.54]

H – L+1 [0.27]
G4 1 3.18 390 1.13 H – L [0.71]
aG5 b9 5.86 212 0.29 H – L [0.14 (0.11)]

H-1 – L+1 [0.14 (0.09)]

aThe data for this system is calculated using DALTON software. b

9th and 10th excited states are energetically degenerate and have the same
oscillator strengths too.

in both H3 and H4 appears at almost the same wave-
length, but their δOPA differ significantly, whereas H1 and
H2 have a set of equally intense peaks close to each other.

A further analysis of the absorption peaks and the cor-
responding orbital contributions shows that the intense
peaks in H1 arise from transfer of charge density from
HOMO (H) and HOMO-1 (H-1) to LUMO (L) and
LUMO+1 (L+1). These pictures clearly reflect that the
orbital transitions are local (π-electron reorganisation)
in nature. The electron density in all the four involved
orbitals are either accumulated on the two pincers of the
molecules or on the bridge connecting the two pincers.
The most intense peak in H1 has the largest contribution
from the H-1→L orbital transition, which is basically a
charge-transfer excitation from the two pincers to the
bridge. The most intense peak in H3 have major con-
tributions from two orbital transitions viz. H-1→L and
H→L+1. Similar to the H1 case, here also all the transi-
tions are local in nature. The two peaks for the remaining
two host molecules (H2 and H4) also arise from more
than one local transition. The orbital transitions involved
in the most intense one-photon peaks in different host
molecules are shown in the supporting information. The
absence of any distinct donor/acceptor part in these host
molecules explains the local nature of these transitions.
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Table 5. One-photon absorption parameters for the brightest
state in 20 host-guestmolecules, calculated at the CAM-B3LYP/cc-
pVDZ level of theory.

Ex. ω0f λ Orbital
System state (eV) (nm) δOPA contributions

H1G1 1 1.21 1028 0.03 H – L+1 0.70
H1G2 6 3.63 341 0.21 H-2 – L+1 0.49

H-1 – L+2 0.46
H1G3 5 3.62 342 0.12 H – L+3 0.48

H-1 – L+2 0.33
H – L+1 −0.27

H1G4 3 2.98 415 0.30 H-2 – L 0.66
H-4 – L 0.21

H1G5 2 3.62 343 0.11 H-1 – L+3 0.51
H-1 – L 0.33

H-1 – L+2 −0.21
H2G1 9 3.47 357 0.40 H – L+6 0.61

H – L+7 −0.32
H2G2 9 4.02 309 0.13 H-1 – L 0.32

H-1 – L+2 0.27
H-2 – L+1 −0.26
H-1 – L+1 0.21

H2G3 3 3.18 390 0.03 H-2 – L 0.66
H2G4 5 2.87 431 0.34 H-4 – L 0.66
H2G5 6 3.66 339 0.03 H-2 – L 0.67
H3G1 6 3.35 370 0.30 H – L+3 0.53

H – L+10 0.28
H3G2 8 4.45 278 0.02 H – L+5 0.32

H – L+8 0.29
H – L+2 0.25
H – L+6 0.23

H3G3 9 3.74 331 0.05 H-7 – L 0.37
H-8 – L −0.25

H3G4 6 2.98 416 0.24 H-5 – L 0.64
H3G5 8 3.84 323 0.004 H-4 – L+1 0.67
H4G1 7 3.34 372 0.10 H – L+6 0.43

H – L+3 −0.27
H – L+1 −0.27
H – L+8 0.23

H4G2 5 4.43 280 0.05 H – L+10 0.39
H – L+11 0.24

H4G3 4 3.47 357 0.06 H-4 – L 0.39
H-13 – L −0.26
H-2 – L −0.22

H4G4 3 2.87 432 0.37 H-2 – L 0.67
H4G5 10 4.52 275 0.01 H-1 – L+2 0.45

H-2 – L+1 0.22

Among the five guest molecules, G1 and G4 are the
two showing the strongest one-photon activity, with δOPA
values of 1.18 (at 336 nm) and 1.13 (at 390 nm) respec-
tively. The other three guest molecules, G2, G3 and
G5 have the brightest peak with δOPA values of 0.39
(at 256 nm), 0.12 (at 273 nm), and 0.29 (at 212 nm),
respectively. G3 has another bright peak at 332 nm with
δOPA = 0.11. Due to the symmetric structure of the G5
molecule, its brightest peak is two-fold degenerate. An
orbital analysis of these peaks in the guestmolecules indi-
cate that the brightest peaks inG1 andG4 have the largest
contribution from the respective H→L orbital transi-
tions and in both these molecules the transitions involve
π−electron density reorganisation. In G2, the bright-
est peak results from the H→L+3 and H→L+5 orbital
transitions, which are also local in nature. Similarly, in
G3, the brightest peak has major contributions from the

local H-2→L and H→L+1 orbital transitions. Finally,
the brightest peaks in G5 have contributions from both
H→L and H-1→L+1 orbital transitions.

The OPA parameters of the brightest state in all
the 20 host-guest molecules are presented in Table 5.
The data reveals that, among different H-G complexes
only those having either G1 or G4 as guest, show the
strongest one-photon activity. The H1G1 complex is,
however, an exception. This complex has a much smaller
δOPA (=0.03) value, as compared to the other H1Gn
(n = 2−5) complexes. In contrast to this, except H1G2,
all the other unions of the G2, G3 and G5 molecules
with any of the host molecules gives weak one-photon
active host-guest complexes. The through-space charge-
transfer nature i.e. transfer of electron density from host
to guest or vice-versa) in all the host-guest complexes
are visible from the pictures of the contributing orbital
transitions. However, not all complexes involve through-
space charge-transfer for their brightest OPA state. For
example, in the H1G2, H2G1, H2G4, H3G5, H4G2 com-
plexes, the brightest OPA involves a local transition,
i.e. a π-electron reorganisation either within the host
molecule or within the guest molecule.

3.3. Two-photon absorption in hosts, guests and
host-guest systems

Within the framework of time-dependent density func-
tional theory, the probability of a two-photon transition
from the ground state |0〉 to a final excited state |f 〉 by a
single beam of linearly polarised monochromatic light is
given by [41,49,50]

δTP0f = 1
15

∑
a,b

(
SaaSbb + 2S2ab

)
, (3)

where S is a tensor of rank 2 and is called the two-photon
transition moment tensor. The abth element Sab of this
tensor is given as [49,51]

Sab =
∑
i

μa
0iμ

b
if + μb

0iμ
a
if

E0i − E0f/2
, (4)

where a, b = {x, y, z},μa
ij is the a

th component of the one-
photon transition moment integral for transition |i〉 →
|j〉 and Eij is the corresponding excitation energy. The
calculated two-photon transition probabilities (δTP0f ) for
the brightest TP active state in all hosts, guests and host-
guestmolecules are presented inTable 6.A complete table
for all the four excited states considered in this work are
given in the supporting information.

We note that the host-guest complexes, in general, dis-
play larger TP activity than their respective constituents,
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Table 6. Two-photon transition probability of the brightest two-
photon active state in all host, guest and host-guest molecules,
calculated at the CAM-B3LYP/cc-pVDZ level of theory. The digits
in parenthesis represents the corresponding excited state. All the
values are reported in units of 103 a.u.

Hosts→ H1 H2 H3 H4
↓Guests

0.01 (4) 0.38 (4) 0.02 (4) 0.13 (4)

G1 0.27 (2) 48.60 (2) 5.01 (3) 1.46 (1) 0.18 (2)
G2 0.22 (4) 2.48 (2) 0.73 (4) 0.35 (2) 0.01 (3)
G3 0.06 (2) 0.75 (2) 1.66 (2) 1.17 (2) 0.95 (1)
G4 1.33 (3) 3.54 (2) 6.07 (4) 1.47 (4) 1.87 (1)
G5 0.0 (1) 0.43 (4) 0.31 (2) 0.11 (4) 0.56 (3)

i.e. the pristine host and guest molecules, as have also
been observed previously [27,28]. This is, however, not
true for the H2G5 and H4G2 complexes. The TP cross
sections of these complexes are smaller than either
both or one of the two constituents. Among the four
host molecules, H2 has the largest value for δTP0f (0.38 ×
103 a.u.). Similarly, among the five guest molecules, G4 is
the most TP active molecule with δTP0f = 1.33 × 103 a.u..
When H2 and G4 combine, they result in a complex
having a large TP activity with δTP0f = 6.07 × 103 a.u.
However, it is interesting to note that H2G4 is only the
second most TP active complex. The H1G1 complex,
obtained by combining the less TP active guestG1 (δTP0f =
0.27 × 103 a.u.) with the least TP active host H1 (δTP0f =
0.01 × 103 a.u.), gives rise to the most TP active complex
with δTP0f = 48.60 × 103 a.u.. In general, TP activity of the
pristine host or guest molecules does not aid in the pre-
diction of the TP activity of the resultant H-G complexes.
The first three most TP active H-G complexes are H1G1,
H2G4, and H2G1 with δTP0f values of 48.60 × 103a.u.,
6.07 × 103a.u., and 5.01 × 103a.u. respectively.

In order to understand in more detail the TP activ-
ity of different H-G complexes, we have analysed the
orbitals involved. The orbital information for the bright-
est TP active state in each complex is presented in
Table 7 and the orbital pictures are shown in Figures 3–6.
The true through-space charge transfer nature of the
brightest TP state in all these complexes are revealed
by the corresponding orbital transitions. In general, in
H-G complexes, either the host molecule behaves as a
donor and the guest molecule as acceptor or vice versa.
The donor/acceptor nature of the host/guest molecules
may vary in different H-G complexes. We note that
the orbital pictures reveal this information. One can
observe that in all HnG1, and HnG2 (n = 1−4) com-
plexes, the electronic density transfers from the guest
to the host molecule. Therefore, in all these complexes,
the guests behave as electron donor. In contrast, in
all the HnG3, HnG4 and HnG5 (n = 1−4) complexes,

Table 7. Contribution of different orbital transitions in thebright-
est TPA in all the complexes. In each cell, the orbital transitions are
arranged in decreasing order of their contributions.

Hosts→ H1 H2 H3 H4
↓Guests
G1 H→L H→L+2 H→L H→L+4

H→L+4 H→L
H→L+1 H→L+1

G2 H→L+2 H→L+2 H→L+1 H→L+1
H→L+1 H→L+3 H→L+6

H→L+1 H→L+10
H→L H→L+1

H→L+11
G3 H→L H-1→L H-1→L H→L

H-1→L
G4 H-1→L H-3→L H-3→L H→L

H-L+1
G5 H→L H→L+1 H-1→L H-1→L+1

H-L+2 H→L H→L+1 H→L+1
H-1→L

electronic transitions take place from the host to the guest
molecule and hence in all these complexes, the guests
act as electron acceptor. This can be understood by con-
sidering the atomic composition of the guest molecules.
In contrast to the G1 and G2 molecules, G3, G4, and
G5 have strong electron-attracting (nitro- and cyano)
groups. Interestingly, the highest TPA transition proba-
bility among the 20 complexes is obtained for the com-
plex where the guest acts as electron donor. Three of the
five strongest TP-active H-G complexes have the guest
as donor. Although the donor/acceptor character of the
host/guestmolecules and the orbital analysis shed impor-
tant light on the TP activity of the H-G complexes, these
do not reveal anything about the corresponding variation
of δTP. To fill this gap, we have performed an in-depth
few-state model analysis for the brightest TP active state
in all the 20 H-G complexes, as will be discussed in the
next subsection.

3.4. Few-statemodel analysis of TPA in the H-G
complexes

Equations (3) and (4) describe TPA as a sum-over-states
process. In principle, all the states should be consid-
ered in the summation in Equation (4). However, in
real molecular systems, this is impractical. In reality,
particularly in case of charge-transfer transitions, only
a few states contribute significantly to the overall two-
photon activity of the system. Therefore, it is reasonable
to consider only those essential states in the summa-
tion. This is the main spirit of the well-known few-
state model approach [35,52–55]. In addition to bring
simplicity to the calculations, few-state models have an
additional advantage, enabling the study of the effect of
dipole alignment on TPA, i.e. the effect of relative ori-
entations of different transition dipole moment vectors.



8 MD. MEHBOOB ALAM AND K. RUUD

Figure 3. Contributing orbitals to the brightest TPA transition in the H1Gn (n = 1–5) H-G complex.

Since different transition dipole moment vectors are
directly related to the structure of the molecule, this
additional information allows few-state models to reveal
important structure-property relationships [35,56–64].

Recently, a generalised few-state model formula (GFSM)
has been developed by the present authors [59,65].
According to the GFSM, the TP transition prob-
ability within the framework of TD-DFT is given
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Figure 4. Contributing orbitals to the brightest TPA transition in the H2Gn (n = 1–5) H-G complex.

as [54,55,59,65]

δTPA0f (GFSM) =
∑
i,m

δim0f , (5)

where

δim0f = 4μ0iμifμ0mμmf

15�Ei1�Em1

{
cos θ if0i cos θ

mf
0m

+ cos θ0m0i cos θmf
if + cos θmf

0i cos θ if0m
}
, (6)

where �Ei1 = ω0i − ω0f/2 and θ cdab is the angle between
transition dipole moment vectors μab and μcd. Other
terms have their usual meanings.

Equations (5) and (6) have been employed to re-
evaluate the TP transition probability of the brightest TP
active state in all the 20 complexes using two to eleven
states in the sum-over-states expression. In most of the
cases we have observed that only a few terms within the
2–3 state models are sufficient for getting a qualitatively
satisfactory agreement with the response theory results.
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Figure 5. Contributing orbitals to the brightest TPA transition in the H3Gn (n = 1–5) H-G complex.

Other terms are either very small or are cancelled by some
other term. The result for different δim0f (within the three-
state model) for the brightest TP-active state in all the 20
H-G complexes are presented in Table 8 and the corre-
sponding transition dipole moments, excitation energies,
and angle terms (the term in parenthesis in Equation (6))
are presented in Table 9. One can notice that in all cases,
the intermediate state in the three-state model (3SM) is
either the next higher excited state or the previous lower
excited state to the final two-photon active state.

The 3SM results are in excellent agreement with the
response theory results, with relative error for the first
three strongest two-photon active complexes (H1G1,
H2G4, and H2G1) being about 3%, 7%, and 5% respec-
tively. In the H1G1 complex, the components δ1202, δ

11
02,

and δ2202, contributes ≈ 96% to δ3SM02 . The data in Table 9
clearly indicates that this is due to a very large value ofμ12
and μ22. The angle terms for these three δ-components
are also very close to the maximum value of +3. The
second most two-photon active complex, H2G4, has the
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Figure 6. Contributing orbitals to the brightest TPA transition in the H4Gn (n = 1–5) H-G complex.

largest contribution from δ3304, which is due to large val-
ues of μ34. Interestingly, this complex has a very large
value for the ground-state dipole moment and also the
A00 terms, but still the corresponding δ0004 component has
a very small value. This is due to a very small value for
μ04. This complex has large negative contributions from
the δ0404 and δ3404 components. This is also the reason for
it not being the strongest two-photon active complex. In
the third strongest two-photon active complexH2G1, the
large contributions come from the δ0003 and δ0403 compo-
nents, which is because of large values of μ00 and μ43.
The angle terms are not large. For the δ0403 component,
the angle term is negative. Owing to the negative energy
term, the overall value of δ0403 becomes positive. This com-
plex has a negative contribution from δ0303. The negative
contribution does not come from the relative orientations
of the transition dipole moment vectors, rather it comes
from the negative energy term.

The data in Table 9 indicate that the common feature
among the first few highest TP active complexes is that all
of them have very large values for μff ,μif , and μ00. Usu-
ally, the contributions of the other two transition dipole
moments viz. μ0i and μ0f are much smaller, although
there are exceptions. Usually, H-G complexes, irrespec-
tive of the hostmolecule, having guestmolecules with the
N-atom as the only hetero atom possess large TP activity.
However, the validity of this point should be confirmed
by carrying out similar study on more H-G complexes.

4. Conclusions

We have studied the structure, binding energies and one-
and two-photon absorption properties in 29 molecules,
including 20 host-guest complexes consisting of one host
and one guest molecule from a set of 4 host and 5
guest molecules. For this purpose, we have employed
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Table 8. Different δim0f (in 103a.u.) involved in three-state model for the brightest TP active state in all the
20 host-guest complexes. The three-state model is constructed by taking ground state (0), one interme-
diate state (i), and brightest TP active state (f ). The numbers in parenthesis in column 1 represent the
intermediate and final states respectively. δ3SM0f is the sum of all the δ-components given in a row.

System (i, f ) δ000f δii0f δff0f 2δ0i0f 2δ0f0f 2δif0f δ3SM0f

H1G1 (1,2) 0.33 18.03 7.44 0.17 1.41 19.61 46.99
H1G2 (1,2) 0.05 1.36 0.22 0.14 0.17 0.57 2.51
H1G3 (1,2) 0.0 0.55 0.02 −0.02 −0.02 0.11 0.64
H1G4 (1,2) 0.09 1.12 1.13 −0.15 −0.48 1.78 3.49
H1G5 (1,4) 0.07 0.03 0.53 −0.05 0.03 −0.13 0.48
H2G1 (4,3) 2.84 0.42 0.35 1.46 −0.52 0.21 4.76
H2G2 (5,4) 1.44 0.05 0.10 −0.30 −0.50 0.06 0.85
H2G3 (1,2) 1.33 0.28 2.73 −0.34 −3.51 1.09 1.58
H2G4 (3,4) 0.85 6.26 0.59 1.46 −1.41 −1.22 6.53
H2G5 (1,2) 0.37 0.01 0.97 0.04 −0.84 −0.14 0.41
H3G1 (2,1) 0.02 0.26 0.60 0.01 0.04 0.57 1.50
H3G2 (3,2) 0.01 0.07 0.19 −0.02 −0.07 0.14 0.32
H3G3 (1,2) 0.0 0.0 1.29 0.0 −0.06 −0.09 1.14
H3G4 (5,4) 0.05 0.01 2.32 −0.01 −0.45 0.0 1.92
H3G5 (1,4) 0.0 0.08 0.0 0.0 0.0 0.0 0.08
H4G1 (3,2) 1.14 0.02 2.64 0.15 −2.41 −0.41 1.13
H4G2 (4,3) 0.02 0.0 0.04 0.0 −0.03 0.0 0.03
H4G3 (2,1) 0.11 0.0 1.23 0.0 −0.17 0.04 1.21
H4G4 (2,1) 0.10 0.03 1.80 0.02 0.20 0.32 2.47
H4G5 (2,3) 0.0 0.79 0.0 0.0 0.0 0.08 0.87

Table 9. (Transition) Dipole moments, excitation energies, and angle term (the term in curly braces in Equation (6)) corresponding to
each δ-component presented in Table 8. All the dipole moments and excitation energies are in atomic units.

System (i, f ) μ00 μ0i μ0f μif μff ω0i ω0f A00 Aii Aff A0i A0f Aif

H1G1 (1,2) 0.94 0.94 0.76 3.31 3.16 0.0444 0.0475 1.37 2.97 2.73 −0.07 −0.87 2.41
H1G2 (1,2) 1.31 0.38 0.35 5.50 2.48 0.0997 0.1005 2.17 2.87 2.71 −0.69 −2.03 1.46
H1G3 (1,2) 1.45 0.30 0.09 5.08 3.59 0.1154 0.1155 2.21 2.95 2.49 0.73 2.19 1.32
H1G4 (1,2) 1.80 0.37 0.34 4.09 4.48 0.0782 0.0796 1.40 2.67 2.87 0.47 1.52 2.19
H1G5 (1,4) 1.82 0.63 0.45 1.06 5.59 0.1320 0.1349 1.75 1.07 1.41 0.82 −0.13 −0.63
H2G1 (4,3) 5.16 0.62 0.63 2.27 2.27 0.0849 0.0824 1.73 1.50 1.10 −1.08 0.36 0.35
H2G2 (5,4) 5.23 0.29 0.60 2.47 2.12 0.1391 0.1368 2.56 1.82 1.12 1.22 1.10 0.58
H2G3 (1,2) 6.13 0.31 0.54 3.19 7.14 0.1070 0.1095 1.34 2.91 2.03 0.56 1.52 1.52
H2G4 (3,4) 5.73 1.01 0.26 4.00 4.79 0.0877 0.0917 3.00 2.53 3.00 −0.87 3.00 −0.87
H2G5 (1,2) 5.86 0.20 0.37 0.85 7.01 0.1150 0.1198 1.03 2.24 1.91 −0.71 0.98 −1.97
H3G1 (2,1) 0.73 0.37 0.52 2.55 2.55 0.0950 0.0913 1.01 2.73 2.66 −0.18 −0.28 1.95
H3G2 (3,2) 0.77 0.23 0.40 2.89 2.94 0.1381 0.1377 2.21 2.79 2.38 0.73 1.64 1.67
H3G3 (1,2) 0.17 0.40 0.50 0.35 4.71 0.1122 0.1177 1.92 1.28 2.99 −0.93 2.07 −1.63
H3G4 (5,4) 0.80 0.98 0.63 0.36 4.01 0.1050 0.0906 1.39 1.10 2.77 0.30 1.35 0.02
H3G5 (1,4) 0.62 0.21 0.01 3.04 0.32 0.1284 0.1315 3.00 3.00 3.00 −1.00 3.00 −1.00
H4G1 (3,2) 2.52 0.44 1.04 1.00 4.88 0.1134 0.1096 1.87 1.09 1.15 −0.75 1.01 −1.08
H4G2 (4,3) 2.32 0.11 0.12 0.96 3.67 0.1614 0.1590 2.84 2.66 2.62 1.21 2.63 1.25
H4G3 (2,1) 2.62 0.17 0.42 0.27 6.60 0.1130 0.1106 1.07 2.68 1.83 −0.30 0.32 2.02
H4G4 (2,1) 1.69 0.13 0.39 1.41 5.10 0.0770 0.0743 1.23 2.97 2.33 −0.39 −0.39 2.50
H4G5 (2,3) 1.90 0.33 0.05 6.57 3.47 0.1368 0.1372 1.01 3.00 1.92 0.08 0.85 1.97

DFT and linear and quadratic response theory within the
framework of TD-DFT. For explaining the variation of
two-photon absorption properties in the host-guest com-
plexes, we have further employed a generalised few-state
model. Our results for the structure of all thesemolecules
indicate that the distance between the two pincers in
host molecules in H2Gn and H3Gn (n = 1 − 5) com-
plexes are significantly larger than those in pristine host
molecules, which is due to larger number of heteroatoms
in the hosts. We have shown that dispersion corrections
are essential in order tomake these complexes stablemin-
ima, confirming that dispersion plays a crucial role in
stability of these host-guest complexes. We have found

that among the different guest molecules, G1 and G4 are
the most one-photon active molecules and this property
is also transferred to their host-guest complexes. Thus,
except in the case of H1G1, all the HnG1 and HnG4
complexes are the most one-photon active complexes
of their respective group. However, this property is not
transferred in case of host molecules. That is, the most
one-photon active host molecule (H3) does not form
the most one-photon active complex. The relative two-
photon activity of the host- and guest- molecules are also
not transferred to their respective host-guest complexes.
Themost TP active host-guest complex is obtained when
the least TP active host combines with a moderately TP
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active guest molecule. The orbitals involved in the TP
transition of the host-guest complexes reflect that the
complex having the host molecule as electron acceptor
and guest as electron donor have the maximumTP activ-
ity. We have noticed that the complexes having the host
as a donor and guest as acceptor show relatively poor
TP activity. The TP activity of all the host-guest com-
plexes have been revisited by using a three-state model,
which is found to reproduce the response theory results
quantitatively.
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