Chemical Physics Letters 612 (2014) 266-272

= CHEMIC‘A‘I:
PHYSICS
LETTERS

Contents lists available at ScienceDirect

Chemical Physics Letters

journal homepage: www.elsevier.com/locate/cplett

Dynamics of endo- vs. exo-complexation and electronic absorption of @CmMﬂk

calix[4]arene-Ar;

Benedito J.C. Cabral®:"-*, Kaline Coutinho®, Sylvio Canuto®

3 Grupo de Fisica Matemdtica da Universidade de Lisboa, Av. Professor Gama Pinto 2, 1649-003 Lisboa, Portugal
b Departamento de Quimica e Bioquimica, Faculdade de Ciéncias, Universidade de Lisboa, 1749-016 Lisboa, Portugal
¢ Instituto de Fisica da Universidade de Sdo Paulo, CP 66318, 05314-970 Séo Paulo, SP, Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 11 July 2014

In final form 13 August 2014
Available online 19 August 2014

The dynamics of the calix[4]arene cone conformer (cax[4]) and calix[4]arene-Ar, complexes (cax[4]-Ar;)
at three temperatures (T=20, 100, and 200 K) was investigated through Born-Oppenheimer molecular
dynamics (BOMD). Thermal effects on the endo- vs. exo-complexation dynamics, the vibrational dynamics
of the homodromic OH bond array, and the electronic absorption spectra are investigated. In comparison
with results for the electronic spectra of gas-phase optimized structures, thermal effects on the electronic

absorption spectra lead to a red-shift and broadening of the low energy excitation maxima.
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1. Introduction

Calix[n]arene supramolecular structures [1-3] play a central
role in molecular recognition. The calix[n]arene structures are
defined by a cyclic phenolic array of variable size linked by [n]
methylene groups. They are easily functionalized structures both
at the top rim (methylene groups) as well as at the bottom rim
that corresponds to a cyclic array of OH groups energetically sta-
bilized by intramolecular homodromic hydrogen bonds (HB) [4,5].
The definition of an HB array as homodromic stresses the feature
that all the HB have a unique orientation relative to a reference
axis [4]. Cooperative polarization effects play an important role on
the energetics and dynamics of hydrogen bonds and it is expected
that these effects are even stronger in homodromic HB arrays [4,5].
Calix[n]arenes are also characterized by the presence of a cavity
with a delocalized 7 electronic distribution of the phenyl rings.
This cavity is able to strongly interact with a diversity of molecu-
lar species including charged species (anions and cations) [6,7] as
well as with small molecules [8-10]. The design and synthesis of
supramolecular structures with selective binding abilities is of fun-
damental importance for materials science [11-14], medical [15]
and biochemical applications [16,17]. Selective binding is related
to specific interactions between a host (usually a supramolec-
ular structure) and a guest species. Host-guest interactions in
calix[n]arenes are determined by non-additive cooperative effects
associated with the 7 electron distribution in the internal cavity.
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Complexation of charged species with calix[n]arenes is driven by
cation-7 interactions [6,18,19,20]. Encapsulation by calix[n]arene
of a variety of neutral guest species including rare-gas atoms and
small molecules (CHy, Ny, CoHy) [10] is driven by dispersion inter-
actions between these species and the 7 electronic distribution of
the host [13,21]. Complexation with small polar molecules includ-
ing H,O0 and NH3 [10] and CH5ClI [8] illustrates the role played by
dipole-r interactions.

A reference system in nanochemistry is calix[4]arene (cax[4])
that is present in four different conformers such as the cone, par-
tial cone, 1,2-alternate, and 1,3-alternate [22]. For several species,
the interaction with the calix[4]arene host may lead to the forma-
tion of endo- or exo- complexes [9,10]. The host-guest energetics
and dynamics is of particular interest when more than one sin-
gle guest species is present. In this case the dynamics of endo-
vs. exo-complexation is also coupled to the guest-guest interac-
tions. This is the case of calix[4]arenes-Ar, complexes for which
experimental data on the vibrational spectra are available [9]. A
central issue concerning the complexation of cax[4]| with small van
der Waals species is the formation of endo- or exo-complexes [9].
NMR or X-ray diffraction data on the structure of these systems
normally rely on experiments carried out at room temperature
[10]. At high temperatures thermal energies become comparable
with host-guest interactions and the interpretation of experimen-
tal data is difficult due to thermal broadening [10]. Several works
were dedicated to study the van der Waals complexes of small
molecules with calix[4]arenes [9,10,23,24]. The dynamics of com-
plexation of a related system (pert-tertbutyl-calix[4]arene) with
small species including H,, CO, and Xe was also the subject of
different works [25,26]. These previous studies were carried out
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with classical molecular dynamics [25]. A correct description of
dispersion interactions is essential to investigate the structure and
electronic properties of calix[n]arenes interacting with van der
Waals species. Theoretical progress in the description of disper-
sion interactions has been accomplished by including empirical
corrections for the dispersion interaction energy in density func-
tional theory (DFT) methods [27-29]. DFT methods with empirical
corrections to dispersion interactions can be applied to large
supramolecular complexes [29].

In this work we investigate the dynamics of calix[4]arene
(cax[4]) and calix[4]arene-Ar, (cax[4]-Ar,) complexes with two
main purposes. The first one concerns the analysis of thermal
effects on the endo- vs. exo-complexation dynamics, and the
vibrational dynamics of the homodromic hydrogen bond array
at the cax[4] lower rim. The second purpose is focused on the
electronic absorption spectra and their dependence with the tem-
perature. The presently adopted theoretical approach relies on
Born-Oppenheimer molecular dynamics (BOMD) [30] and time
dependent density functional theory (TDDFT) [31]. The Letter
is organized as follows. Initially, the theoretical procedures are
described. This is followed by a discussion on the structure, binding
energies, and electronic spectra of gas-phase optimized structures.
The dynamics of calix[4]arene-Ar, at different temperatures is
then analysed with emphasis on the dynamics of the homodromic
hydrogen bond array at the cax[4] lower rim and on the depend-
ence of the endo- vs. exo-complexation with the temperature. The
last section analyses thermal effects on the electronic absorption
spectra of cax[4] and cax[4]-Ar;, systems.

2. Computational details

Geometry optimizations for cax[4] and cax[4]-Ar, complexes
were carried out with the CP2K program [32]. The hybrid Gaussian
and plane-wave method GPW [33] as implemented in the QUICK-
STEP module [32] was adopted. Goedecker, Teter, and Hutter (GTH)
norm-conserving pseudopotentials [34] were used for represent-
ing the core electrons and only valence electrons were explicitly
included in the quantum mechanical density functional theory
(DFT) calculations for the geometry optimizations and BOMD. DFT
calculations were carried with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional [35] (the PBE calculations with
the GTH pseudopotentials will be represented as PBE[GTH]). An
empirical correction to dispersion interactions (D3) proposed by
Grimme et al [28] was added to the PBE functional for the geom-
etry optimizations and BOMD. This method will be represented as
PBE[GTH]-D3. We adopted the GPW approach, where Kohn-Sham
orbitals are expanded into atom-centered triple-zeta-valence-
polarization (TZVP) Gaussian-type orbital functions, whereas the
electron density is represented with an auxiliary plane-wave
basis-set. A charge density cutoff of 280 Ry was used for the aux-
iliary basis-set and the self-consistent-field energy threshold for
calculating the electronic density was 10~7 Hartree. Geometry
optimizations and BOMD were carried in a cubic cell of 22A.
Non-periodic boundary conditions with the Martyna-Tuckerman
Poisson solver [36] were adopted.

BOMD [30] was performed in the (NVT) canonical ensemble
with a canonical sampling through velocity rescaling (CSVR) ther-
mostat [37] and target temperatures of 20, 100, and 200K. A
timestep of 0.25 fs was used. The total time of the BOMD run was
12.5 ps (50000 steps). The final average temperatures deviate less
than 2 K from the targeted ones and the largest value of the standard
deviation is 3 K. Therefore, reference will be made only to the
target values.

The configurations from the last 8 ps of BOMD were used for
the analysis of the structure, dynamics, vibrational, and electronic

properties. A total of 400 configurations (equally separated in time)
were selected for the analysis of the electronic absorption spectra.
Excitation energies were calculated with TDDFT [31]. The number
of excited states (Ns) was 50 for each selected configuration. The
excitation energies were calculated with the ORCA program [38].
Data for the excitation energies and oscillator strengths were con-
voluted by a Lorentzian distribution of 0.10 eV width. The PBE-D3
functional and the Ahlrichs TZVP basis-set [39] were adopted for
TDDFT calculations. However, TDDFT calculations were performed
with all the electrons and this approach will be represented as PBE-
D3. For comparison, additional geometry optimizations of cax[4]
and cax[4]-Ar, complexes were also carried out with this same
approach.

3. Results and discussion

3.1. Optimized structures, binding energies, and gas-phase
electronic absorption spectra

3.1.1. Optimized structures

Optimized structures for the cone conformer of calix[4]arene
and their endo- and exo- complexes are shown in Figure 1. In agree-
ment with experimental [40] and theoretical [41] works the cax[4]
cone conformer has a C4 symmetry axis. The endo-cax[4]-Ar; or 2:0
complex is characterized by the inclusion of the Ar, molecule in the
cax[4] cavity. In the exo-cax[4]-Ar, or 1:1 complex one Ar atom is
inside the cavity, whereas the second one is outside the macrocycle
and interacts with one of the phenyl fragments. The structure of
cax[4]-Ar, complexes can be discussed by defining two additional
coordinates. The first (X7 ) is the center-of-mass (c.0.m.) of the mac-
rocycle (Ar atoms are not included). The second (X5 ) is the c.o.m. of
the oxygen atoms at the cax[4] lower rim. The C4 symmetry axis of
the gas-phase optimized cax[4] structure coincides with the X,-X;
axis (see Figure 1). For clarity the Ar atom more distant from the
cax[4] c.o.m. (X1) is represented by Ar’.

Some geometric parameters for cax[4]-Ar, are gathered in
Table 1. For the endo-cax[4]-Ar, complex the Ar-Ar’ distance
(d[Ar-Ar’]) for the optimized geometry at the PBE-D3[GTH]/TZVP
level is 3.89 A. The distances between the Ar atoms and the cax[4]
center-of-mass are 2.10 Aand 5.37 A for Ar (d[Ar-X; ]) and Ar’ (d[Ar’-
X1]), respectively. The Ar atom is on the cax[4] C4 symmetry axis
and the angle between this axis and the Ar’ atom (/[ X;-Ar-Ar’]) is
124.5 degrees. For exo-cax[4]-Ar, the distance between the Ar atom
inside the cavity and cax[4] center-of-mass (d[Ar-X;])is 2.06 A. The
Ar’ atom is outside the cax[4] cavity, d[Ar-Ar'] is 7.4 A, and d[Ar’-
Xi] is 6.6 A. Therefore, the Ar-Ar bond is broken in the optimized
structure of the exo-cax[4]-Ar, complex. The angle between the
C4 axis and the Ar’ (/[X,-X;-Ar’]) atom is 74 degrees. Results
for geometry optimizations relying on all-electron calculations
are also presented in Table 1. A reasonable agreement between
pseudopotentials and all-electron calculations for the geometry
of cax[4]-Ar, complexes is observed. It should be also noticed
that PBE-D3[GTH]/TZVP calculation predicts that the gas-phase Ar;
equilibrium distance is 3.75A, which is in very good agreement
with the reference value for the isolated Ar, molecule (3.758) A[42].
At the PBE-D3[GTH]/TZVP level, the binding energy of the Ar; sys-
tem with correction to the basis set superposition erroris 108 cm~!,
whichis only 8.5 cm~! above the value reported by Aziz (99.5 cm~1)
[42].

3.1.2. Binding energies

Binding energies of cax[4] with different species including rare
gas systems have been investigated by several works [9,10]. Here,
our main purpose is to assess the adequacy of the presently adopted
theoretical approach relying on the inclusion of an empirical
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Figure 1. Optimized structures of calix[4]arene (cax[4]) and cax[4]-Ar, complexes. Upper panel: cax[4]; center: endo-cax[4]-Ar,; bottom: exo-cax[4]-Ar,. Top view (left)
and side view (right). The center of mass of cax[4] is represented by X;. The center of mass of the oxygen atoms is represented by X». The X,-X; axis is the C4 symmetry axis

of cax[4].

correction to the dispersion energy in DFT [27,28] to describe
the host-guest interactions. We will focus the discussion on the
binding energy (BE) of cax[4]-Ar system for which theoretical
and experimental data is available [9]. The theoretical calcu-
lations include corrections to the basis-set superposition error.
Fragment relaxation and zero-point vibrational energies were
not taken into account. The calculations were performed with
PBE[GTH]-D3/TZVP optimized geometries. The binding energy (BE)
of the endo-cax[4]-Ar complex predicted by PBE[GTH]-D3/TZVP is
1374cm 1. An all-electron calculation at the PBE-D3/TZVP level
leads to 1310 cm~!. Theoretical results relying on MP2 and CCSD(T)

are in the ~1000-2200cm~! range [9], whereas CCSD(T) cal-
culations lead to significantly lower values, which are close to
1000 cm~! [9]. The experimental value for the BE of the cax[4]-Ar
system is in a wide range (350-2250cm~1) [9].

The reliability of the proposed approaches to describe disper-
sion interactions through the inclusion of empirical corrections is
a subject under debate in the literature [43]. However, the agree-
ment between BEs predicted by PBE-D3|GTH], ab initio results [9],
and experimental information [9] is an indication on the adequacy
ofthe presently adopted approach to carry out BOMD for the cax[4]-
Ar, system.
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Table 1

Geometric data for the gas-phase optimized structures of cax[4]-Ar, complexes and
averages values from BOMD at different temperatures (in K). Distances in A. Angles
indegrees. Geometry optimizations and BOMD carried out at the PBE-D3[GTH]/TZVP
level. Values in parentheses for optimized structures are all electron PBE-D3/TZVP
calculations.

endo-cax[4]-Ar, exo-cax[4]-Ar,

Optimized structures

d[Ar-Ar’] 3.89(3.80) 7.40(7.25)
d[Ar-X;] 2.10(2.01) 2.06 (2.04)
d[Ar-Xq] 5.37(5.26) 6.6 (6.28)
Z[X2-X1-Ar] 180.0 (180.0) 180.0(180.0)
Z[X2-X1-Ar'] 144.0 (144.9) 74.0 (69.1)
Z[Xq-Ar-Ar’] 124.6 (126.7) 58.6 (54.3)

Average values from BOMD
T 20 100 200
d[Ar-Ar'] 41+04 6942 6242
d[Ar-X] 27408 54+15 7241
d[Ar'-X;] 55+0.5 8.7+0.5 93+0.5
Z[X2-X1-Ar] 174+4 149+ 11 143+12
Z[Xq-Ar-Ar’] 122+7 92+23 92+22

3.1.3. Electronic absorption spectra

For the gas-phase optimized structure of cax[4] four maxima
in the electronic absorption spectrum are predicted at A =308,
293, 259, and 240 nm, respectively. Experimental results in liquid
methanol [44] predict peak positions at A =282, 274, and 262 nm.
In addition, a broad band in the 220-230nm is also reported
[44]. The reported peak positions for p-tert-butyl calix[4]arene in
dimethylformamide (DMF) [45] are at A =318, 288, and 262 nm.
TDDFT PBE-D3/TZVP results for the first three peak positions are
in good agreement with the experimental data for p-tert-butyl
calix[4]arene in dimethylformamide (DMF) [45] with a maximum
deviation of 10nm. In agreement with the results by Boo et al.
[44] the calculated electronic absorption spectrum of cax[4] also
shows a maximum at 240 nm, which is in good agreement with
a broad band that peaks in the 220-230 nm region. The simulated
electronic absorption spectra for the optimized structures of cax[4]
and cax[4]-Ar; complexes are shown in Figure 2. Minor differences
are observed between the spectra for the optimized structures of
cax[4] and cax[4]-Ar;. In comparison with cax[4] and exo-cax[4]-
Ar, the high energy peak of endo-cax[4]-Ars is slightly blue-shifted;
for both cax[4]-Ar, complexes alow-energy tail peaked at ~310 nm
is red-shifted relative to cax[4].

Although a direct comparison between the experimental data
and theoretical results for gas-phase optimized structure is limited
due to solvent effects the present agreement between our the-
oretical results and experiment supports the choice of TDDFT

— cax[4]
I — endu—cax[4J»Ar2

08k —. e)(o—cax[étj—Ar2
2z
%
E 0.6
= -
8
=] -
E 04
] L
Z

021

L

920 240 260 280 300 320 340 360
A/nm

Figure 2. Excitation spectra for the optimized structures of cax[4] and cax[4]-Ar;
exo- and endo- complexes. PBE-D3/TZVP calculations.
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Figure 3. Time evolution of reference distances (see text) for different tempera-
tures. d[Ar-X;] and d[Ar’-X;] are the distances between the cax[4] c.o.m and the
Ar atoms. d[Ar-Ar’] is the distance between the argon atoms. The horizontal lines
for T=20K and T=100K represent the distances for the gas-phase endo- and exo-
optimized structures, respectively (see Table 1). Distances in A.

PBE-D3/TZVP to predict electronic excitation energies for the sys-
tems of interest. The same method will be applied to calculate the
absorption spectra at different temperatures using selected config-
urations generated by BOMD.

3.2. Thermal effects on the dynamics and electronic absorption of
cax[4]-Ar;

3.2.1. Temperature dependent endo- vs. exo-complexation

Thermal effects on the dynamics of the cax[4]-Ar; system can
be investigated by analysing the time evolution of some specific
parameters at different temperatures. The present analysis will be
initially focused on the time evolution of the distance between
the nearest Ar atom and the cax[4] c.o.m (X1) (d[Ar-X;]), the sec-
ond Ar atom and X; (d[Ar’-X;i]), and the distance between the
Ar atoms (d[Ar-Ar’]). These parameters allows us to follow the
dynamics of the Ar atoms in interaction with the cax[4] macro-
cycle. The time evolution of these distances is presented in Figure 3
and the average values for different temperatures are reported
in Table 1. For the lower temperature (T=20K) the time evolu-
tion of d[Ar-X;] and d[Ar’-Xq] indicates that the two atoms are
inside the cax[4] cavity. The average values of these two distances
are 2.7+0.8A and 5.5+0.5A, respectively. In addition, the aver-
age of d[Ar-Ar'] is 4.1£0.4 A, which is close to the value for the
optimized geometry of the endo-complex (3.9 A). Further evidence
on endo- complexation at this temperature is provided by the
average values for the /[X;-X;-Ar] and /[X;-Ar-Ar’] angles (see
Table 1). The average values of /[X,-X;-Ar] and /[X;-Ar-Ar’] are
174 £4 and 122 + 7 degrees, quite close to the values for the gas-
phase optimized endo-cax[4]-Ar, complex, which are 180.0 and
124.5 degrees, respectively.

The dynamics at T=100K is illustrated in the middle panel of
Figure 3. The time evolution of d[Ar-X;] shows that this distance
is roughly distributed in a 2-6 A interval with an average value
of 54+1.5A, whereas a second Ar’ atom is outside the cax[4]
cavity with an average d[Ar-X; ] distance of 8.7 + 0.5 A. The average
d[Ar-Ar']is 6.9 + 2 A, which can be compared to the distance for the
gas-phase optimized exo-cax[4]-Ar, complex (7.4 A). A broad dis-
tribution of the /[X,-X;-Ar] and /[ X;-Ar-Ar’] angles is observed at
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Figure 4. Time evolution of the distance d[O-X;] between each oxygen atom and
the c.o.m of the oxygen atoms X, for cax[4] (left) and cax[4]-Ar (right) at different
temperatures. The oxygen atoms associated with the black and red (or green and
blue) curves belong to face-to-face phenol rings. (For interpretation of the references
to color in this legend, the reader is referred to the web version of the article.)

T=100K. Their average values are 149411 and 92 + 23 degrees.
The average value of /[X,-X;-Ar] indicates a deviation of the
nearest Ar atom from the central axis of the cax[4] cavity that cor-
responds to a C4 axis for the gas-phase optimized structure. The
lowest /[X;-Ar-Ar’] values are close to the optimized value for the
exo-cax[4] complex (~59 degrees). Although most of the time both
Ar atoms are outside the macrocycle cavity, the cax[4]-Ar, dynam-
ics at T=100K is in keeping with an exo-cax[4]Ar, complexation
scenario associated with a broad distribution of some reference
geometric parameters.

The time evolution of the defined geometric parameters for the
cax[4]-Ar; system at T=200K is also illustrated in Figure 3. In this
case both Ar atoms are outside the cax[4] cavity. The average values
of d[Ar-X;] and d[Ar-X;] are 7.2 + 1 Aand 9.3+ 0.5 A, respectively.
The average d[Ar-Ar’] is 6.2 + 2 A and the time evolution of this dis-
tance (see Figure 3) suggests Ar—Ar’ bond formation and breaking.
The average values of /[X;-X;-Ar] and /[X;-Ar-Ar’] are 143 +12
and 92 + 22 degrees, respectively. These values are similar to those
observed at T=100K (see Table 1).

Figure 4 presents for cax[4] (left panels) and cax[4]-Ar, (right
panels), and for different temperatures, the time evolution of the
distances between each oxygen atom and their center-of-mass (X3)
that is represented by (d[O0-X>]). Although X5 is determined by the
oxygen atoms position, the distribution of the 0-X, distances at
a temperature T may give us an indication on the changes of the
cax[4] structure relative to the gas-phase optimized geometry. For
cax[4] the dynamics of d[0-X;,] at T=20K shows, for a ~4 ps time
window, two oxygen atoms belonging to face-to-face phenyl units
at an average distance of 1.89 +0.02 Afrom X,, whereas the other
two atoms are closer to X, at an average distance of 1.83 +0.02A.
Due to thermal effects, it should be expected that the C4 symmetry
of the gas-phase optimized cax[4] is broken at a finite temperature
T. However, the present geometric pattern seems to be in keeping
with the presence of a nearly C; symmetric structure at T=20 K. Fur-
ther evidence of a nearly C; symmetry is provided by the calculation
of the average distances between two oxygen atoms belonging to
opposite phenol moieties. The average values are 3.66 +0.03 A and
3.79+0.04 A, whereas average values for the distances between
adjacent oxygen atoms are quite similar (2.63 ——2.64 +0.02 A).
It should be noticed that the average distances between carbon
atoms of opposite methylene groups are identical (7.24+0.01A)

and coincide with the values for the gas-phase optimized structure.
Therefore, the size of the cax[4] upper rim is not modified at T=20 K.

C4 < C; symmetry transitions in calix[n]arenes are usually
related to interactions with ionic or molecular species [2] or with a
solvent [46]. These interactions influence the O—H- - -O structure at
the lower rim and lead to significant differences on the OH stretch
frequency in different solvents such as CCl4 and CS, [46].

A more complex pattern is observed for cax[4]-Ar; at T=20K. In
this case, four distances are defined although two pairs of similar
distances belonging to face-to-face phenyl units can be identified.
This situation corresponds to an endo-cax[4]-Ar, complexation sce-
nario and reflects additional distortions of the cax[4] macrocycle
due to host-guest interactions. The distortions are, as expected,
associated with the position of the Ar atom inside the cax[4] cav-
ity. The sudden changes of d[O-X; ] for t=~5.5, 7 and 8 ps (Figure 4)
are correlated with the position of the Ar atom that approaches the
cax[4] c.o.m. (X;) nearly at the same times (see bottom panel of
Figure 3).

For cax[4] at the higher temperatures (100K and 200K), the
average d[0-X; ] distances are similar. However, significant fluctua-
tions of d[O-X; ] are observed for cax[4]-Ar; at T= 100 K. This feature
seems to be related to the dynamics of the Ar atoms interacting with
cax[4] in a system that exhibits some structural similarities with an
exo-cax[4]-Ar, complex. The time evolution of d[0-X;] at T=200K
for both cax[4] and cax[4]-Ar; shows similar patterns and reflects,
essentialy, the distortions of the host structure induced by ther-
mal effects. As illustrated in Figure 3 (top panel) both Ar atoms are
outside the cax[4] cavity at this temperature.

3.2.2. Dynamics of the homodromic OH. - -O hydrogen bond array

The cax[4] lower rim is characterized by the formation of an
intramolecular hydrogen bond (HB) array involving the OH group
of the phenyl moieties. The uni-directional OH- - -O HB array is called
homodromic [4] to stress the feature that all the hydrogen bonds
have a unique orientation, which is presently clockwise relative to
the central X,-X; axis. An interesting aspect concerning the cax[4]
dynamics is the reversal of the OH vibrational motion of the OH
bond array that was observed by Lang et al. [47] in the temperature
range of 221-304 K. Although the present results for the dynam-
ics of the OH bond array at the higher temperatures (T=100K and
T=200K) is in keeping with the experimental assignment of four
equivalent hydrogen bonds for cax[4] [47] no reversal of the HB
array was observed. It should be noticed, however, that the con-
certed reversal of the OH motion at the homodromic array is very
dependent on the temperature and that it was not experimen-
tally detected for temperatures below ~220K [47]. Moreover, the
flip-flop rates are in the order of 102-10%s~! [47], and therefore
the concerted reversal of the HB array is not accessible to a 12 ps
molecular dynamics run.

A fingerprint of HB formation involving the OH group is the red-
shift of the O—H stretching frequency relative to the situation where
there is no HB. This frequency shift can be related to the stretch-
ing of the O—H bond relative to a reference value. The distribution
of the v(O—H) stretching frequency can be analysed by calculating
the Fourier transform of the average velocity autocorrelation func-
tion defined as Cax(t) = (A(t)A(t;)/A(t;)A(t;)) where A=dx/dt, t; a time
origin, and x=d(O—H). A similar procedure was recently applied
to calculate the vibrational frequencies of chlorophyll-c; in liquid
methanol [48]. The high value of the v(O—H) stretching frequency
(~3000cm™1) contributes to the convergence of the velocity auto-
correlation function and a good estimate of Cyx(t) is possible by
using the data from the total production time (8.5 ps) of the present
BOMD.

Figure 5 presents the v(O—H) frequency distribution for cax[4]
and cax[4]-Ar, at different temperatures. For the lower temper-
ature (T=20K) and for the cax[4] system, the distribution shows
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Figure 5. O—H vibrational distribution in cax[4] (left) and cax[4]-Ar, (right) at
different temperatures.

a bimodal distribution with peaks at 2930 and 3060cm~!. The
bimodal distribution seems to reflect the presence of two differ-
ent HB interactions related to the structure and dynamics of the
cax[4] macrocycle and the OH array at the lower rim. This feature,
which is a characteristic of the lower temperature, is not observed
at the higher temperatures (100K and 200K). Experimental data
by Kovalenko et al. [49] for cax[4] in a CCl4 solution shows a sin-
gle v(0—H) frequency maximum at 3173 cm~!. However, the same
authors pointed out that a bimodal distribution is observed in the
vibrational spectrum of crystalline cax[4] with a doublet contour
at 3247/3147 cm~!. The presence of two nonequivalent 0-O dis-
tances in the crystalline phase was invoked to explain the bimodal
distribution [49].

The v(O—H) frequency distribution for the cax[4]-Ar, systems
are also presented in Figure 5 (right panels). For T=20K, the dis-
tribution shows a maximum at ~3100cm~!, which is in good
agreement with the value predicted by jet-cooling experiments
on cax[4]-Ar (3160cm~') [10]. The v(O—H) frequency distribu-
tions are slightly blue-shifted with increasing temperature. This
blue-shift with increasing temperature is related to structural dis-
tortions at the cax[4] lower rim and with a consequent weakening
of the homodromic OH bonds. For the cax[4] system at T=20K,
Figure 6 presents the N[ZHOO] distribution of #ZHOO that is defined
as the angle between the HO bond vector and the vector from
the O oxygen to the oxygen atom at the opposite (face-to-face)
phenol ring. The value of this angle for the optimized gas-phase
structure (C4 symmetry) is 54.0 degrees. The two first distribu-
tions (Ia and Ib) are similar and correspond to an average distance
between opposite oxygen atoms of 3.79 + 0.04 A. For the other two
distributions (Ila and IIb) the average oxygen-oxygen distance is
3.66+0.03 A. The average values of ZHOO are 52.6+ 1.4 degrees
and 54.4 + 1.3 degrees for distributions [ and II, respectively. The
results indicate two different orientations of the OH group rela-
tive to the OH.--O bond depending on the position of the oxygen
atoms at the cax[4] lower rim. Consequently, two slightly differ-
ent groups of equivalent HBs can be defined. The first group (la
and Ib) corresponds to a weaker HB associated with a greater
deviation from linearity, and an increased OH---O bond distance.
These differences are at the origin of the v(O—H) red shift of the
first group (la and Ib) relative to the second one (Ila and IIb).
Although the effect is small the N[ ZHOO] distribution provides fur-
ther evidence on the structural features characterizing cax[4] at
T=20K and supports the analysis of the data for the vibrational
spectrum.
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Figure 6. Distribution of the ZHOO angle (see text) for each OH group of cax[4] at
T=20K. The distributions Ia and Ib correspond to OH groups attached to face-to-face
phenyl units with an average oxygen-oxygen distance of 3.79 +0.04 A. For Ila and
IIb this average distance is 3.66 +0.03 A.

3.2.3. Thermal effects on the electronic spectra of cax[4] and
cax[4]-Ar;

The electronic spectra of cax[4] and cax[4]-Ar, are presented in
Figure 7. For cax[4], the lower energy absorption peak at A =293 nm
for the optimized structure is red-shifted by 6-8 nm at T=100
and 200K. A broadening of the lower energy absorption tail is
also observed. High energy excitations are not very dependent
on T and only small red-shifts relative to the optimized struc-
tures are observed. Comparison between the results for cax[4] at
the different temperatures and experiment shows a good agree-
ment with experimental data, particularly for the case of cax[4] in
formaldehyde [45]. In comparison with the spectrum for the opti-
mized structures the absorption spectra of cax[4]-Ar, at T=20 and
100K are not modified. Only for T=200K a ~5-7 nm red-shift of
the peak positions is observed. Comparison between the cax[4]
and cax[4]-Ar, spectra shows that they are quite similar. In the
first two cases (T=20 and 100K) the results indicate that endo- or
exo- complexation of cax[4] with Ar, does not change, in a sig-
nificant way, the electronic absorption spectrum in comparison
with cax[4]. For the highest temperature (T=200K), the results
reflect the feature that Ar; is outside the cax[4] macrocycle and
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Figure 7. Electronic absorption spectra of cax[4] and cax[4]-Ar; at different temper-
atures. Lower panel (cax[4]); higher panel (cax[4]-Ar, ). TDDFT excitation energies
(in nm) from PBE-D3/TZVP calculations.
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the absorption spectrum should be quite similar to that one of
cax|[4].

4. Conclusions

Born-Oppenheimer molecular dynamics (BOMD) for cax[4] and
cax[4]-Ar, were carried out and provided fundamental information
to understand the role played by thermal effects on the dynam-
ics, vibrational and electronic properties of these systems. For
cax[4] the results indicate that nearly C; symmetric structures are
present at T=20K. A thermally induced C, (gas-phase optimized
cax[4]) to C, (BOMD generated structures at T=20K) symme-
try transition is observed. The analysis of the structure of cax[4]
at T=20K strongly indicates the presence of two nonequivalent
oxygen-oxygen distances at the cax[4] lower rim. A fingerprint
of the presence of these configurations is a bimodal distribution
of the v(O—H) stretching vibrational frequencies that is character-
istic of cax[4] at the low temperature of 20K. A blue-shift of the
v(0O—H) vibrational frequencies of the cax[4] homodromic array
with increasing temperature was also observed. The dynamics of
the cax[4]-Ar, system is temperature dependent and the results
strongly indicate that at T=20K only an endo-cax[4]-Ar, system is
observed. The data for T= 100 Kis compatible sometimes with a pic-
ture of exo- complexation where one Ar atom is inside the cax[4]
cavity, whereas a second one is outside. A T=200K, a cax[4]-Ar;
structure where both Ar atoms are outside the cax[4] cavity was
found. The results for this temperature also suggest the eventual
formation of an exo-Ar, diatomic species interacting with the cax[4]
macrocycle. Time dependent density functional theory calculations
(TDDFT) for cax[4] and cax[4]-Ar, systems were also carried out.
Results for the gas-phase optimized structures and averages over
configurations generated by BOMD at the different temperatures
were compared. The main effect of temperature on the electronic
absorption spectrum of cax[4] concerns the low-energy absorption
region above 280 nm that shows a ~8-10 nm red-shift of the peak
positions and broadening of the low-energy absorption tails. Com-
parison between the electronic absorption spectra of cax[4] and
cax[4]-Ar, at different temperatures indicate that they are quite
similar.
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