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ABSTRACT

The structural and electronic properties in solution of all-thiophene dendrimers and
dendrons have been evaluated using very different theoretical approaches based on
quantum mechanical (QM) and hybrid QM/molecular mechanics (MM) methodologies:
i) calculations on minimum energy conformations using an implicit solvation model
combined with density functional theory (DFT) or time-dependent DFT methods (TD-
DFT); ii) hybrid QM/MM calculations, in which the solute and solvent molecules are
represented at the DFT level using as point charges, respectively, on snapshots extracted
from classical molecular dynamics (MD) simulations with explicit solvent molecules;
and iii) QM/MM-MD trajectories in which the solute is described at the DFT or TD-
DFT level and the explicit solvent molecules are represented using classical force-fields.
Calculations have been performed on dichloromethane, tetrahydrofurane and
dimethylformamide. Comparison of the results obtained using the different approaches
with available experimental data indicates that, the incorporation of effects associated to
both the conformational dynamics of the dendrimer and the explicit solvent molecules is
strictly necessary to satisfactorily reproduce the properties of the investigated systems.
Accordingly, QM/MM-MD simulations are able to capture such effects providing a
reliable description of electronic properties—conformational flexibility relationships in

all-Th dendrimers.



INTRODUCTION

Since their discovery in the late 70’s," the research interest for dendrimers, which
are virtually monodisperse hyperbranched macromolecules, has gained an increasing
interest because of their broad range of applications in, for example, supramolecular

chemistry,*® self-assembly processes,”® anticancer therapies'®*?

and diagnostic
imaging.”*™ The structure of dendrimers is divided into three distinct regions: the core,
branched repeat units emanating from this core, and end-groups of the outer layer of
repeat units (Figure 1a)."® The number of concentric layers of branching points is
known as the generation of the dendrimer. It is worth noting that the amount of end
groups in dendrimers grows exponentially with the generation. Dendrimers undergo
changes in size, shape and flexibility as a function of increasing generation.*®*°

On the other hand, dendrons are monodisperse dendritic wedge-shaped structures
that comprise a single function at the core and multifunctionality at the outer layer
(periphery). Figure 1a illustrates the difference between dendrimers and dendrons
structures. As it can be seen, the former dendritic structures usually contain two or more
dendrons coupled together to a core moiety.

All-thiophene (Th) based dendrimers and dendrons are considered as very promising
kinds of conducting materials with different energy-related applications.?® Since
Advincula and co-workers reported on the first Th dendrimer synthesis (up to 30 Th

rings),?+??

advances in synthetic approaches enabled the preparation of increasingly
larger. Thus, Bauerle and co-workers®® synthesized different all-Th dendrimers
containing up to 90 Th rings with a divergent/convergent approach to facilitate the
inclusion of functionalities in the external surface of the conducting dendrimer. More

recently, the same group reported a synthetic approach to a series of generational

2,2°:3°,2”’-terthiophene-based Th dendrons and dendrimers.?



n-Conjugated dendrimers are considered attractive candidates for organic-electronic
applications due to their solution processability, redox properties, band gap (eg) and
isotropic charge-transport ability.25 In the particular, all-Th dendrons and dendrimers,
hereafter denoted nT (where n is the number of Th rings), behave as p-type
semiconductors, being proposed as components of photovoltaic devices and organic
solar cells.*****" Therefore, understanding of the electronic properties of nT is a key
stage not only in the ongoing evolution of these systems for their promising applications
but also in the development of new alternatives to conventional oligothiophenes and
polythiophenes in the organic semiconductor field. The ionization potential (IP) and &g
of nT (with n= 3, 9, 21 and 45 for dendrons and n= 6, 18, 42, 90 for dendrimers) were
recently investigated in solution using cyclic voltammetry (CV) and UV-vis
spectroscopy.®*

Given the importance of the structural and electronic properties in the application of
all-Th dendrimers, theoretical studies based on quantum mechanics are necessary not
only to provide comprehensive understanding at the microscopic level but also to gain
deeper insight on the intrinsic characteristics of these materials. Within this context, we
used quantum mechanical (QM) calculations to study the structural and electronic
properties of nT dendrimers and dendrons with n=3, 6, 7, 9, 14, 15, 18, 21, 30, 42 and
45 in vacuum.?®® More recently, we also examined the structural and electronic
properties of 3T and 7T dendrons attached to a phenyl core,* which had been used in a
pioneering work by Schliiter and co-workers® to synthesize Th-containing second and
third generation dendronized macromonomers with methacrylate polymerizable units as
well as their corresponding dendronized polymers. Although QM calculations provided
important qualitative information, in all cases electronic properties predicted in vacuum

exhibit deviations with respect to experimental estimations obtained in solution.?**!



Although the latter may be attributed to the influence of the environment in the IP and
gg, Other important factors, as the conformational flexibility and dynamics may be also
responsible of such deviations. Thus, QM predictions were performed considering the
energy minimized conformations of the dendrons and dendrimers, the effects associated
to the conformational variability being neglected from our theoretical predictions.?

In this work we re-visit the structural and electronic properties of all-Th dendrimers
and dendrons but considering the influence of the both the solvent and the
conformational variability. More specifically, we have examined the influence of the
medium on the IP, g, structural dynamics and conformational flexibility by considering
dichloromethane (DCM), tetrahydrofurane (THF) and dimethylformamide (DMF) as
solvents. In addition, each of such factors have been analysed considering different
theoretical approaches, allowing us to properly identify the physical features that affect
the properties of such unique systems. More specifically, theoretical predictions have
been carried out using: a) QM calculations using an implicit solvent model combined
with density functional theory (DFT) and time dependent density functional theory (TD-
DFT) methodologies; b) single point quantum mechanics/molecular mechanics
(QM/MM) calculations using snapshots extracted from classical molecular dynamics
(MD) simulations using explicit solvent molecules; and ¢) QM/MM-MD simulations
with explicit solvent molecules. Amazingly, despite the huge amount of theoretical
investigations on dendrimers, the number of QM/MM and/or QM/MM-MD studies is
very scarce and, in addition, the role of the solvent was neglected in all them. More
specifically, Rodriguez-Ropero et al.*® studied the assembly of up to five 30T molecules
using static QM/MM calculations, while Roitberg and co-workers®® used QM/MM-MD
simulations to predict the electronic spectra at different temperatures of a nanostar

dendrimer made of phenylene-ethylene dendrimer attached to a ethynylperylene



chromophore. Results obtained in this work prove that the microfluctuations induced by
different types of solvents as well as their effects on the evolution of the electronic

properties are satisfactorily captured by QM/MM-MD trajectories.

METHODS

All QM and QM/MM calculations were carried out using the Gaussian 09 computer
package.® The parameters used for the structural analysis are defined in Figure 1b for
6T. These consists in bond distances (Rp.p, Ra- @nd R,.) and dihedral angles (6p.p, 6.

« and 6,.g) associated to the rotation of such bonds.

QM calculations. The effect of the implicit solvent in the electronic properties of nT
dendrons (n= 3, 9, 21 and 45) and dendrimers (n= 6, 18, 42 and 90), which are depicted
in Figure S1, was estimated using the Polarizable Continuum Model (PCM) developed
by Tomasi and co-workers.*™’ This model represents the polarization of the liquid by a
charge density appearing on the surface of the molecular-shaped cavity created in the
solvent. The magnitude of these charges is proportional to the derivative of the solute
electrostatic potential at each point calculated from the molecular wavefunction. Point
charges are included in the one-electron Hamiltonian inducing polarization of the solute,
an iterative calculation being applied until the wavefunction and the surface charges are
self-consistent. PCM calculations were performed at the B3LYP/6-31G(d) level using
the standard protocol. The influence of the bulk solvent properties have been examined
considering DCM (e= 8.93), THF (e= 7.4257) and DMF (e= 37.219) in the PCM
calculations. As the DMF solvent is not defined in the standard version of Gaussian 09,
the parameterization of the PCM for predicting the properties of the solute in this
solvent were taken from Boes et al.*® Starting geometries were taken from our previous

work,? in which complete geometry optimizations of nT were carried in vacuum using



the B3LYP functional®***° combined with the 6-31G(d)* and 6-311++G(d,p)*** basis
sets (i.e. B3LYP/6-31G(d) and B3LYP/6-311++G(d,p) level, respectively). Thus, it has
been largely proved that solvent-induced changes in bond lengths and angles have a
very small influence on the free energy of solvation, AGsy (i.e. solute geometry
relaxations in solution and single point calculations on the gas-phase optimized
geometries provide almost identical values of AGgg).***®

The IPs were determined using the Koopmans’ theorem, according to which the IP is
taken as the negative of the highest occupied molecular orbital (HOMO) energy (i.e.
IP*T = -g10omo). Although Koopman’s theorem does not apply to DFT and the energies
of Kohn-Sham orbitals do not involve any physical meaning, Janak’s theorem®’ was
used by Perdew®® to show the connection between the IP and enpomo. The gg Was
estimated using two different strategies. In the first one, &5 was approximated as the
difference between the energies of the frontier orbitals: &5 = eLumo - eHomo. In an early
work, Levy and Nagy showed that in DFT calculations g5 can be correctly estimated
using this procedure.”® The second estimation of gg Was derived from the excitation
energies calculated with TD-DFT. This method, which is widely applied to study the
UV-vis spectra of conjugated organic compounds, provides a robust and efficient
description of the low-lying molecular states.*>>* Electronic excitations were evaluated
combining the PCM framework with the B3P86/6-31G(d)>*** level. In all cases the &,
was extracted from the first low-lying transition with a large oscillator strength.

MD simulations. A series of MD simulations were performed to study the solvation
of 6T and 18T dendrimers in DCM, THF and DMF. All MD trajectories were generated
using the scalable computer package NAMD® and the AMBER force-field.*® Stretching
and bending equilibrium parameters for 6T and 18T dendrimers were derived from

quantum mechanical calculations at the B3LYP/6-31G(d) level. The force-field



parameters for the DCM, THF and DMF solvents were taken from Blas et al.,”’

Rodriguez-Ropero et al.*® and Shih et al.,> respectively, while the rest of force-field
parameters, with the obvious exception of the electrostatic charges, were adapted from
the AMBER® and Generalized AMBER force field® (GAFF) libraries. Atomic charges
were obtained using the Restrained ElectroStatic Potential (RESP) strategy® at the
HF/6-31G(d) level. The electrostatic parameters derived using this procedure are fully
compatible with the current AMBER and GAFF force-fields. The number of explicit
DCM, THF and DMF solvent molecules in 6T / 18T simulations was 2113 / 2083, 2101
/2070 and 2265 / 2237, respectively.

All MD simulations were performed using the NVT ensemble in a cubic simulation
box. Periodic boundary conditions were applied using the nearest image convention.
The box size was adjusted to fit the complex size, the initial box dimensions being
(66x66x66 A®) to ensure infinite dilution. Before each simulation was run, the potential
energy of each system was minimized using 5000 conjugate gradient steps. To ensure a
uniform distribution of the dendrimer in solution, the system was heated to 500 K and
after a cooling was carried out to 298 K employing NPT conditions. A total time of 100
ns was employed for each system.

Single point QM/MM calculations. Single point QM/MM calculations performed
for 6T and 18T dendrimers in DCM, THF and DMF solutions using selected snapshots
extracted from classical MD simulations. While the dendrimer was described at the QM
B3LYP/6-31G(d) level, the solvent molecules were represented as point charges. The IP
and the &5 were evaluated using the procedure described previously for PCM-DFT
calculations. For each dendrimer and solvent, calculations were performed over 10
snapshots that were regularly extracted from the corresponding MD trajectory (i.e.

every 10 ns).



QM/MM-MD calculations. Hybrid QM/MM-MD calculations were carried out for
6T and 18T with explicit DCM, THF or DMF solvent molecules to examine the
influence of dynamical effects in the electronic structure of solvated dendrimers. For
this purpose, dendrimers were treated at the QM level while the solvent molecules were
considered classically. For each system, the last snapshot of the corresponding classical
MD simulation was used as starting geometry of the hybrid QM/MM-MD trajectory.

All QM/MM-MD simulations were performed using the Amber-PUPIL-Gaussian
interface. The AMBER program® was performing the task of classical engine
connected through the PUPIL interface with the Gaussian 09 program,®* which took the
role of quantum engine within the QM/MM-MD approach. The quantum zone (QZ)
includes only the dendrimer molecule, and two different levels of calculation were
considered to obtain final QM/MM-MD trajectories: Initially, a trajectory of 20 ps was
obtained by considering the QZ at B3LYP/3-21G(d) level. Finally, last 5 ps of the
previous trajectory were recalculated to obtain the electronic properties using single-
point TD-DFT calculations at the B3P86/6-31G(d) level.

Periodic boundary conditions were applied using the nearest image convention.
Before each production simulation, a classical equilibration protocol, similar to that
described above for classical MD simulations, was applied. Once equilibrated, an initial
heating was carried out at 298 K employing NPT conditions during 2 ps with a time
step of 0.5 fs. Finally, 20 ps of NPT production trajectory were performed at 298 K
using a time step of 0.5 fs. Data were stored each 2fs for subsequent structural statistics.
The last 5 ps of each trajectory were post processed using Amber-PUPIL-Gaussian

interface to obtain accurate electronic properties using the TD-DFT methodology.

RESULTS AND DISCUSSION



Figures 2a and 2b represent the variation of the IP and g, respectively, calculated in
DCM for nT dendrons and dendrimers at the PCM-B3LYP/631G(d) level (hereafter
denoted PCM-DFT) against 1/n. Although the IP decreases with n for both
architectures, this variation does not follow the typical linear behaviour usually
observed for linear oligothiophenes (especially for those with n < 12),%* evidencing the
influence of the molecular architecture (i.e. the ratio between a-o and o-f linkages).
Comparison with the IPs determined by CV?** shows that theoretical values are
underestimated by 0.4-0.7 eV (~10%), which should be partially attributed to the
electronic and geometric relaxations of the oxidized species neglected by the Koopman
theorem. In contrast, PCM-DFT g4 values are overestimated by ~10% (0.3-0.5 eV) with
respect to the experimental measures, even though both sets of values follow the same
behaviour (i.e. g4 rapidly decreases with n). This deviation decreases to ~5% for PCM-
TD-DFT-B3P86/6-31G(d) (hereafter PCM-TDDFT) values, indicating that the TD-DFT
method systematically corrects the overestimation produced by the DFT method (Figure
2b).

Comparison between the IP and 4 values calculated in dichloromethane with those

estimated in the gas-phase, 2%

which were obtained at a very similar level of theory
(i.e. B3LYP/6-31G(d) for both DFT and TD-DFT), is displayed in Figure S2. The
average deviation between the obtained in solution and in the gas-phase is of only 0.07
eV for the IP and of 0.05 eV for g4 (both DFT and TD-DFT). These results suggest that
the influence of the DCM polarization effects in such electronic properties is very small.
Moreover, PCM-DFT and PCM-TD-DFT calculations considering THF and DMF
solvents led to IP and g4 values practically identical to those obtained in DCM (i.e.
deviations were lower than 0.1 eV in all cases) corroborating the small influence of the

solvent polarization effects. This feature is supported by the large resemblance among

10



the frontier orbitals calculated in the gas-phase and in DCM, THF and DMF solutions,
as is illustrated in Figures 3 and S3 for 6T and 18T, respectively. As it can be seen, the
HOMO / LUMO of these dendrimers is mainly /exclusively delocalized along the
segment involving Th rings connected by o-a linkages, independently of the
environment.

In order to analyse the structure and organization of solvent molecules around nT
dendrimers, classical MD trajectories of representative dendrimers were carried out
using explicit solvent molecules. Thus, 100 ns production trajectories were performed
for 6T and 18T considering DCM, THF and DMF solvents (i.e. 100 ns x 2 dendrimers x
3 solvents = 600 ns). For each trajectory, the radial probability distribution functions of
each solvent molecule as a function of the geometric centre of each Th ring, g(r), were
calculated considering different references: (i) the centre of masses of the DCM, THF or
DMF solvent molecule; and (ii) characteristic atoms of the solvent molecule (i.e.
chlorine and carbon for DCM, oxygen and carbon for THF, and nitrogen and oxygen for
DMF). Figures 4 and S4 depicts the g(r) calculated for 6T and 18T, respectively.
Interestingly, linear-like profiles were obtained in all cases indicating that,
independently of both the solvent and the reference used to evaluate the g(r), nT
dendrimers do not exhibit any preferred organization of the solvent molecules located at
the first and second solvation shells. Thus, no peak is observed at low distances for both
6T and 18T.

The efficacy of the conformational sampling was proved by examining the variability
of a very simple electronic property, the charge on every Th ring, along the 100 ns MD
trajectory. The charge of the Th ring was expressed as the sum of the molecular
electrostatic potential (MEP) derived atomic charges for all atoms of a given ring in a

given snapshot. For this purpose, MEP derived atomic charges were calculated for 6T
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and 18T geometries extracted from snapshots taken from their corresponding
simulations in DCM at 0.4 ns intervals (i.e. 250 snapshot were considered for each
dendrimer). Interestingly, we observed that the charge of the Th ring fluctuates between
approximately -0.15 and 0.20 e.u. Moreover, these limit values, which were similar for
both 6T and 18T, were reached multiple times during the MD simulation corroborating
that the conformational flexibility of the dendrimers was satisfactorily described during
the 100 ns MD simulations.

Of course, there are some electronic properties that change with the conformation.
The simplest one, which has been used to follow the conformational changes during the
MD simulations, corresponds to the charge on each thiophene ring. This was evaluated
by summing the molecular electrostatic potential derived atomic charges for all atoms of
a given ring in a given snapshot. Our results indicate that for both 6T and 18 the charge
of each thiophene ring varies between approximately -0.15 and 0.20 e.u. during the MD
simulation evidencing not only the impact of the conformational but also the reliability
of the sampling since such two extreme values were reached multiple times during the
100 ns trajectories.

On the other hand, apparently the influence of the solvent in the molecular
conformation of 6T and 18T is not negligible. This is proved in Figure 5, which displays
superimposed structures of 18T taken from MD trajectories in DCM, THF and DMF at
different time intervals (i.e. 5, 50 and 100 ns). As it can be seen, the solvent causes
structural fluctuations at the end of the branches. These fluctuations have been
attributed to the breathing motions induced by thermal effects on both the solute and the
solvent molecules. Moreover, the fluctuations of the branches in the dendrimers are
observed for all solvents, independently of their polarity (Figure S5). Obviously,

breathing motions are less pronounced in 6T since the former dendrimer results from
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the combination of only two dendrons. Accordingly, the extension of the fluctuations in
terms of length-scale is significantly smaller for 6T than for 18T (Figure S6).

Single point QM/MM calculations, in which atoms belonging to solvent molecules
were represented as electrostatic charges, were performed over 10 snapshots that were
extracted every 10 ns from the classical MD trajectories. These calculations allowed us
to include explicitly the electrostatic effects caused by the different solvation shells in
the evaluation of the electronic properties of 6T and 18T. Results obtained in DCM
solution are compared in Table 1 with those derived from QM calculations. As it can be
seen, the g5 and IP derived from QM/MM are closer to the experimental values than
PCM-DFT estimations, even though both PCM-DFT and QM/MM calculations were
performed at the B3LYP/6-31G(d) level. Indeed, QM/MM results are pretty similar to
those achieved using the PCM-TD-DFT calculations, suggesting that electrostatic
effects associated to explicit solvent molecules artificially corrects the omission of
excited states in DFT. As occurred for QM calculations, the electronic properties
obtained in THF and DMF solutions were very similar to those reached in DCM.

Hybrid QM/MM-MD simulations on 6T and 18T were performed to simultaneously
consider all effects that may affect the structural and electronic properties of such
dendrimers. More specifically, QM/MM-MD calculations allowed us to include the
influence of: (i) bulk solvent effects since all solvent molecules are explicitly
represented; (ii) specific and non-specific dendrimer-solvent interactions at the first
solvation shell, both electrostatic and van der Waals intermolecular interactions being
explicitly considered; (iii) the dynamics of the solvent and the dendrimer at room
temperature through the MD; and (iv) the excited states since the TD-DFT methodology

was used to describe the dendrimer at the QM level.
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Structural parameters derived from QM/MM-MD simulations in solution and from
QM calculations in both the gas-phase and DCM for the two dendrimers are compared
in Table 2. Although QM geometry optimizations predict very similar bond lengths for
6T and 18T, independently of the environment, small but significant differences are
detected upon the incorporation of dynamical effects through hybrid QM/MM-MD
simulations. Thus, in general R,.,, Ry and Rp.p (Figure 1b) are slightly higher for 6T
than 18T, independently of the solvent polarity. This feature, which is not captured in
optimized geometries, should be attributed to the fact that the rigidity of dendronized
structures increases with the generation number.®®" Accordingly, the small elongations
at bond lengths caused by the dynamic and thermal effects become less appreciable in
18T than in 6T.

On the other hand, inspection of the averaged Opp values displayed in Table 2
indicates that the dihedral angle that connects the two central dendrons are very sensible
to the solvent polarity, ranging from -140.6° (DCM) to -151.4° (DMF) and from -130.3°
(DMF) to -177.71 (THF) for 6T and 18T, respectively. Also, comparison of the results
obtained for the two dendrimers reflects that the conformational fluctuations induced by
both thermal and solvent effects are practically independent of the solvent polarity. This
feature suggests that solvent effects are mainly caused by unspecific short-range
dendrimer---solvent interactions, which are practically independent of the polarity of
solvent molecules. These average values also differ from those derived from QM
geometry optimizations in the gas-phase / in DCM solution (i.e. -163.9° / -163.4° and -
163.8° / -164.4° for 6T and 18T, respectively). Similarly, averaged 0,., and 6, values
indicate the influence of the solvent in the conformational dynamics of the two
dendrimers, which is also corroborated by the relatively large standard deviations (Table

2).
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The impact of the explicit solvent molecules in the conformation of the dendrimers
predicted by QM/MM-MD simulations is fully consistent with observations derived
from classical MD simulations. Figure 6 displays the histogram occupancy of 6,., and
0,.-p for the two examined dendrimers. The lower dispersion of dihedral angles for 6T
compared to that of 18T is also consistent with classical MD results, evidencing the
effect of the solvent in the solute dynamics increases with the generation number.
Interestingly, histograms displayed in Figure 6 provide detailed information about the
influence of the solvent polarity in the conformational variability of the dendrimers.
Thus, the narrowest dispersions of 6,., and 0,3 were found in DMF, the solvent with
highest polarity, for both 6T and 18T, while the widest dispersions of such dihedral
angles correspond to DCM, the solvent of lowest polarity. According to these results,
the conformational flexibility increases with decreasing solvent polarity, this
phenomenon being more pronounced for 18T than 6T.

The averaged electronic properties in DCM obtained using single-point TD-DFT
calculations at the B3P86/6-31G(d) level on the snapshots extracted from the last 5 ps
of the corresponding QM/MM-MD trajectories are included in Table 1. For both 6T and
18T dendrimers, the averaged IP values (5.85+0.13 and 6.03+0.28 eV, respectively) are
slightly lower than the ones derived from PCM-TD-DFT (5.94 and 6.09 eV,
respectively). Although the QM/MM-MD values are apparently higher than the
experimental estimations yet (5.63 and 5.52 eV, respectively), inspection to the standard
deviations indicates a significant improvement with respect to static calculations on a
single conformation with an implicit solvent model. Accordingly, average values and
their standard deviations point out that the incorporation of effects associated to both the
conformational dynamics of the dendrimer and the explicit solvent molecules is strictly

necessary. Indeed, the remaining discrepancy between QM/MM-MD and experimental
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estimations must be attributed to two technical factors: 1) the limited length of the
QM/MM-MD trajectory (5 ps), and 2) the theoretical framework of the TD-DFT
method (B3P86/6-31G(d)). These factors are defined by the computational cost of
QM/MM-MD calculations that, in spite of the recent advances in computer science, is
huge.

Comparison among the electronic properties derived from QM/MM-MD simulations
in DCM, THF and DMF (Table 3) reveals important features that were undetected by
QM and QM/MM calculations. Noticeably, both the IP and &4 of 18T decreases by ~0.3
eV when the solvent changes from DCM to DMF or THF. This reduction, which was
not observed in QM and QM/MM calculations (i.e. differences were < 0.1 eV in all

cases) is consistent with experimental observations. Thus, the g; of 18T in THF is

smaller than in DCM. Furthermore, the QM/MM-MD ¢4 values in DCM and THF differ
by only 0.14 and 0.06 eV, respectively, from the experimental estimations.?*®®
Unfortunately, the IP value of 18T in THF is not available. On the other hand, the
solvent-induced variability in the electronic properties of 6T predicted by QM/MM-MD
simulations is much less pronounced than for 18T. This must be attributed to the fact
that the conformational variability at the branches of 6T is considerably lower than at
the branches of 18T, as was previously discussed. Thus, the g values predicted for 6T

in DCM and THF are 3.08 and 3.07 eV, respectively, while the experimental values are

2.76 and 2.57 eV, respectively.

CONCLUSIONS

We have presented a comprehensive theoretical study to examine the influence of the
solvent, flexibility and conformational dynamics on the electronic properties of

hyperbranched oligothiophenes. Results indicate that solvent-induced polarization
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effects captured by PCM-DFT and PCM-TD-DFT calculations on energy minimized
conformations are very small. Accordingly, application of implicit solvent models on
static geometries does not provide any significant change with respect to properties
computed in the gas-phase. On the other hand, conformational fluctuations at the
branches of the dendrimers captured by MD simulations evidence the remarkable role of
the conformational flexibility and dynamics in the structure of the dendrimers. The
importance of these phenomena, which are independent of the solvent, increases with
the generation number. In spite of this, results derived from QM/MM calculations
suggests that the omission of all solute---solvent interactions different from the
electrostatic ones affects the reliability of the theoretical model. Finally, results obtained
using the QM/MM-MD simulations are of highest quality, allowing not only to consider
the effects conformational dynamics and short-range solute---solvent interactions but
also to differentiate among the influence of different solvents. Thus, QM/MM-MD
simulations indicate that the conformational flexibility of the dendrimers increases with
decreasing solvent polarity, even though this phenomenon becomes more important
with increasing generation number. The QM/MM-MD model used in this work should
be considered as a reference for future theoretical studies of hyperbranched all-Th

macromolecules and oligomers.
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Table 1. Comparison between the IP and g4 values determined by CV for 6T and 18T in

DCM solution and the estimations derived from the different theoretical approximations

used in this work.

PCM-DFT [B3LYP/6-31G(d)]
PCM-TD-DFT [B3P86/6-31G(d)]

QM/MM [B3LYP/6-31G(d) for nT
and point charges for solvent
molecules]

QM/MM-MD [TD-DFT B3P86/6-
31G(d)] explicit solvent molecules

UV-vis spectroscopy and cyclic
voltammetry in DCM?

6T 18T
IP (eV) &g (V) IP (eV) & (eV)
5.24 3.30 4.98 2.65
5.94 2.94 5.69 2.28
5.94 3.01 6.06 2.33

5.85+0.13 3.08+0.17 6.03+0.28 2.49+0.23

5.63 2.76 5.52 2.35

& From reference 24.
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Table 2. Averaged geometries derived from hybrid QM/MM-MD simulation in solution (i.e. DCM, DMF, and THF) using explicit solvent in the

framework of the B3LYP/3-21G(d) method. Standard deviations are also shown (parenthesis).

System B0-u (©) Bup () Roa (A) Rap (A) Rpp (A) 0o ()
DCM  1355(15.8) -33.7(27.1) 1.458(0.028) 1.468(0.028) 1.455(0.028) -140.6 (9.9)
6T DMF  209.8 (11.0)  -95.2(15.9) 1.454(0.030) 1.474(0.029) 1.449 (0.028) -151.4 (21.1)
THF  148.9(16.3) -60.5(31.2) 1.458(0.030) 1.473(0.030) 1.453(0.028) -147.7 (9.4)
QM Gas-phase® 131.1 -41.7 1.456 1.466 1.447 -163.9
QM DCM® 131.1 -41.8 1.457 1.466 1.447 -163.4
DCM  140.0 (54.2) -108.0(91.0) 1.453(0.030) 1.471(0.027) 1.449(0.030) -161.2(12.2)
18T DMF  1745(25.9) -61.2(245) 1.451(0.031) 1.465(0.031) 1.450(0.027) -139.3(10.5)
THF  179.9(37.6) -78.3(44.8) 1.451(0.030) 1.469 (0.030) 1.448(0.028) -177.7 (9.0)
QM Gas-phase'® 132.2 -41.3 1.455 1.465 1.445 -163.8
QM DcM® 134.8 -41.5 1.452 1.464 1.447 -164.4

% From reference 29. ®) Geometry optimization in DCM using the PMC-B3LYP/6-31G(d) method.
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Table 3. Comparison between the IP and g4 values determined by QM/MM-MD for 6T

and 18T in DCM, DMF and THF solutions. Experimental values (when available) are

displayed in parenthesis.

6T 18T
IP(EV) g(V) IP(eV) gV

Dichloromethane (DCM)

Dimethylformamide (DMF)

Tetrahydrofurane (THF)

5.85+0.13 3.08+0.17 6.03+0.28 2.49+0.23
(5630  (2.76)° (552  (2.35)
5.91+0.19 3.02+0.14 5.47+0.19 2.17+0.16
(552"  (2.35)°

5.96+0.28 3.07+0.15 5.48+0.18 2.20+0.13
(2.57)° (2.26)°

® Experimental values in DCM taken from reference 24. ® Experimental
values in DMF, which are identical to those obtained in DCM, taken from
reference 24 °Experimental values in THF taken from reference 69.
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CAPTIONS TO FIGURES

Figure 1. (a) Schematic picture of dendrimers (left) and dendrons (right). g
represents dendrimer generation (from 0 to 2). (b) Definition of structural parameters
used in this work: bond distances (Rp-p, Ro-« and Rq-g) and dihedral angles (6p-p, Ou-«
and 0,.) associated to the rotation of such bonds.

Figure 2. (a) Variation of the (a) IP and (b) &4 against 1/n, where n is the number of
Th rings. Values derived from PCM-DFT and PCM-TD-DFT calculations in DCM and
from experiments (UV-vis spectroscopy and CV) in DCM (n= 3, 6, 9, 21, 42 and 45) or
DMF (n= 18 and 90). Experimental values were taken from reference 24.

Figure 3. HOMO and LUMO frontier molecular orbitals 6T calculated in the gas-
phase (B3LYP/6-31G(d)) and in DCM, THF and DMF solutions (PCM-B3LYP/6-
31G(d)).

Figure 4. Distribution of solvent molecules as a function of the distance from the
geometric center of the Th rings for 6T. The g(r) were calculated considering: (a) the
center of masses, the chlorine atoms and the carbon atoms of the DCM molecules; (b)
the center of masses, the oxygen atom and the carbon atoms of the THF molecules; and
(c) the center of masses, the nitrogen atom and the oxygen atom of the DMF molecules.

Figure 5. Superimposed structures of 18T extracted from MD trajectories in DCM
(red), THF (blue) and DMF (green) after (a) 5 ns, (b) 50 ns and (c) 100 ns.

Figure 6. Dihedral angle histograms (6., and 0,.p) for (a) 6T and (b) 18T in DCM

DMF and THF. Data extracted from QM/MM-MD trajectories.
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Figure 5
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Graphical Abstract

Text: QM/MM-MD simulations of dendrimers with explicit solvent molecules capture

the conformational flexibility and microfluctuations induced by different types of

solvents.
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