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ABSTRACT: Pyrrolyl—silicon compounds were investigated by different theoretical
approaches. Model monomers consisted of a pyrrole ring N-substituted with silylmethoxy
and silylhydroxy end groups through a propyl chain spacer, designated as PySi and PySiOH.
Geometrical, vibrational, and electronic properties, as well as chemical reactivity, are
discussed and compared with pyrrole (Py) and N-propylpyrrole (N-PrPy) that were studied
in parallel for reference purposes and methods validation. The electronic distribution
between PySi and PySiOH differs importantly, the former being an electron donor, as Py
and N-PrPy. Conversely, PySiOH presents donor—acceptor character with the LUMO
energy level localized on the silanol end group. Global and local reactivity descriptors predict
PySiOH more reactive than PySi with two preferential reactive sites: electron-rich Py ring
and electron-deficient silanol group. On the basis of experimental studies, oligomers of
PySiOH linked a—a’ via Py rings (a—a'Py,SiOH, n = 2, 3) were considered as model
molecules of hydrolyzed PySi. The most stable structures were derived from randomly
generated a—a'Py,SiOH that were optimized at semiempirical AMI1 and refined with MO0S-

2X/6-31G(d,p). Conformational analysis of dimer and trimer structures points to stability enhanced by molecular packing.
Nonetheless, NBO and RDG results indicate that oligomer stability is dictated by the cooperative contribution of hydrogen
bonding between silanol end groups and dispersive vdW interactions between silanol and the 7 system of the Py ring. The latter
interaction resulting from electron delocalization induced by an electron-deficient silanol group seems to determine the smaller
gap energy of T-shaped OH—7 arrangements. The theoretical findings support the peculiar chemical behavior revealed by

experiment.

1. INTRODUCTION

A practical problem concerning the structure of pyrrole
agglomerates in solutions of N-[3-(trimethoxysilyl)propyl]-
pyrrole (PySi) (Figure 1a) has motivated this theoretical study.
Just for introducing it, silanes functionalized with pyrrole and
aniline have been extensively used by some of the coauthors for
surface treatment of Al alloys to provide corrosion
protection.'~” The surface treatment consists of the immersion
of metallic specimens in the corresponding silane hydrolyzed
solution for some time and subsequent thermal treatment at
relatively low temperatures. Silanol intermediates coordinate
with the OH-rich metal surface through hydrogen bonding.
Heating promotes water elimination and covalent oxane bonds
at the metal/film interface (Me—O-Si), as well as within the
adsorbed layer (Si—O—Si). The resulting hybrid films are
typically thin (2—S pm), compact, and well-adhered. The very
good corrosion protection is related to the barrier action
provided by the siloxane network, which limits aggressive
species penetration toward the metal/film interface, and pyrrole
(or aniline) moieties that act on demand to keep the metal
passive in small defects as siloxane linkage fails. From combined
spectroscopic characterization of treated surfaces and of
hydrolyzed solutions, the protection capacity of the hybrid
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film is importantly influenced by pyrrole (or aniline)
agglomerates. The active protection seems to be enhanced by
the semiconducting properties of the hybrid films.®” Although
the reactivity of pyrrole and aniline units increases by
promoting hydrolysis, only for PySi is the condensation of
silanol groups limited with time. Some relevant results of PySi
solutions obtained by means of attenuated total reflection IR
(ATR-IR), NMR (*H, BC, #Si), and UV—vis spectroscopies
are summarized by the end of this paper. Moreover, the
corresponding hybrid film (deposited on FTO substrate)
presents n-type semiconductor behavior, differently from
aniline-based silane (p-type semiconductivity), as obtained
recently by photocurrent spectroscopy.” It is difficult to
rationalize the structure of soluble oligomers favoring the
kinetic stabilization of silanol and how they assemble in the
macromolecular network.

It is well-known that the silanol group is an important
intermediate not only in interfacial adsorption behavior® but
also in many chemical processes.” Most organosilanols form
hydrogen-bonded complexes with themselves, water, and
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Figure 1. Schematic structures of (a) N-[3-(trimethoxysilyl)propyl]pyrrole (PySi), (b) N-[3-(trihydroxysilyl)propyl]pyrrole (PySiOH), and (c)
PySiOH oligomers linked a—a’ via pyrrole rings Py,SiOH (n = 2, 3). The arrow indicates the inter-ring NCCN rotational angle (0). The atoms
labels in (a, b) denote those used for validation of the monomer geometries (Supporting Information, Tables S1 and S2).

solvent molecules prior to condensation. Electron-deficienct
aromaticity has been predicted for silicon nanoclusters, where
overcoordinated silicon induces electron delocalization and
thus enhanced stability.'"® Monomers such as pyrrole and
derivatives are important building blocks in naturally occurring
processes and in synthetic materials.'' ~"* Monomer reactivity is
influenced markedly by steric and electronic properties of the
substituents.* 18 Experimental and/or theoretical studies of
pyrrole functionalized with silicon-based groups are few.'*~**

All above have prompted us to theoretically investigate
molecular properties of PySi (Figure 1a) and fully hydrolyzed
PySi, namely N-[3-(trihydroxysilyl)propyl]pyrrole (PySiOH)
(Figure 1b), as well as PySiOH oligomers linked a—a’ via
pyrrole rings (a—a'Py,SiOH, n = 2, 3) (Figure 1c). Ground-
state geometries of model monomers were optimized at
different semiempirical and DFT levels of theory. For reference
purposes and theoretical methods validation, pyrrole (Py) and
N-propylpyrrole (N-PrPy) were investigated also. Monomer
reactivity was estimated by conceptual DFT through global
reactivity descriptors and local (condensed) Fukui functions.
Reported studies have indicated good correlation between
these functions and experimental electrophilic substitution
patterns for a range of aromatic heterocyclic compounds,”~>’
including pyrrole derivatives®’ and silicon-based materials.”**’
Multiple minima hypersurface (MMH) methodology, the
validity of which for the study of molecular associations and
for conformational analysis has been widely demonstrated by
some of the coauthors*™3® was employed for random
generation and optimization at semiempirical level of theory
of a—a’'Py,SiOH (n = 2, 3). Most stable structures were DFT-
refined for conformational analysis. Noncovalent stabilizing
interactions were estimated by means of natural bond orbital
(NBO) and reduced density gradient (RDG) analyses.
Conclusions are drawn by considering computational results
and experimental data.

2. THEORETICAL METHODS AND COMPUTATIONAL
DETAILS

Equilibrium geometries of Py, N—Prng, PySi, and PySiOH were
calculated using semiempirical AM1** and PM3*® Hamiltonians
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with the MOPAC 2009 program.*’ Optimized structures at
higher levels of theory were obtained with DFT functional
methods B3LYP* and M05-2X*"* with the 6-31G(d,p) basis
set, as implemented in Gaussian09.* For each theoretical
method, the mean deviation (MD) of the difference between
theoretical (X;) and experimental (X.,,) internal coordinates
(bonds and angles) was calculated with the equation

i=1
TX - X
N

MD =

The chemical reactivity and site selectivity were estimated by
conceptual DFT.*®> Global reactivity descriptors such as
electronegativity (y), chemical potential (), hardness (7),
softness (S), and electrophilicity index (@), were calculated
using HOMO and LUMO energies of frontier molecular
orbitals with equations

X = —1/2(€LUM0 + EHOMO)
H=—x=1/2(&um0 + Exomo)
n= I/Z(SLUMO - 8HOMO)

S=1/n

w=u*/2

CMSPAC package%_48 was used for Charge Model 5 (CMS)
partial atomic charges calculation using Hirshfeld atomic
charges from Gaussian09 output files. Then, local (condensed)
Fukui functions f; and f}, for electrophilic and nucleophilic
attack, respectively, were estimated at M05-2X/6-31G(d,p)
with the following equations:

fi =a,(N) —¢q(N-1)

ff=q0N+1) - q(N)

where g, represents the atomic charge at the kth atomic site,
according to the Hirshfeld partitioning scheme for electron
density distribution among the atoms. The terms (N), (N + 1),
and (N — 1) correspond to the electron populations on atom k
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present in neutral, anion, and cation states of the molecule,
respectively.”®

Multiple minima hypersurface (MMH) methodology was
used for random generation of 500 configurations of
a—a'Py,SiOH dimer (n = 2) and trimer (n = 3) structures,
allowing free rotation of inter-ring torsion an§les Z#NCCN (6),
with the help of GRANADAROT program,” and subsequent
optimization at semiempirical the AMI1 level of theory. A
representative number of stable oligomer conformations in
each set of dimer and trimer structures were submitted to
single-point energy DFT calculations using M05-2X/6-31G-
(d,p). The nature of the stationary points (i.e., true minima or
transition state) was determined by vibrational frequency
calculations. The most stable ground-state configurations of
a—a' Py,SiOH oligomers at the M0S-2X/6-31G(d,p) level
were selected for conformational analysis. The second-order
perturbation theory was applied through NBO calculations>**"
to estimate the energetic importance on oligomers stability of
all the possible interactions between filled donor and empty
acceptor NBOs, as well as charge transfer between Lewis and
non-Lewis type orbitals. The reduced density gradient (RDG)
function, defined as RDG = ¢,|Vpl/p*3), where ; is the inverse
of the Fermi constant (1/2(37%)'3), was calculated to
distinguish weak interaction regions such as van der Waals
(vdW) and hydrogen bonding.”*~>* The real space function
sign(4,()) p(r), defined by the product of the sign of the
second eigenvalue of the Hessian 4, by the density p(r), was
used to fill RDG surfaces with different colors to distinguish the
type of interaction.

3. RESULTS AND DISCUSSION

3.1. Monomers. Ground-state geometries of PySi and
PySiOH (Figure lab), as well as of Py and N-PrPy (not
shown) were calculated using different theoretical methods.
Calculated bond distances and angles at different levels of
theory, namely semiempirical AM1 and PM3, and DFT MOS-
2X and B3LYP with 6-31G(d,p) basis set, reported
experimental values,>*>>™% and mean deviations (MD), are
supplied as Supporting Information (Tables S1 and S2). Figure
2 shows graphically MD values of bond distances (top) and
angles (bottom) for each method of calculation. Very good
agreement with experiment is obtained for bond distances with
DFT functionals M05-2X/6-31G(d,p) and B3LYP/6-31G(d,p).
Among the semiempirical methods, PM3 predicts better the
bond length, whereas AM1 underestimate Cy-Si for PySi and
PySiOH (Table S1, Supporting Information).

For bond angles (Figure 2, bottom), MD values are higher
but change little with the quality of calculation, though AM1
and M05-2X/6-31G(d,p) likely estimate better this geometrical
coordinate. B3LYP/6-31G(d,p) overestimates Si—O—C angles
by 5° for PySi monomer (Table S2, Supporting Information).
Regardless of the level of theory, the internal angles of Py ring
were between 107 and 110° for all the monomers, indicating
small distortion of Py ring from C,, symmetry with N-
substitution. Similarly, the dihedral angles «NC,C;C, and
£C,C4C,Si of the corresponding N-side chains were between
178 and 180°, indicating all-trans configuration.

Theoretical vibrational analysis (Table S3, Supporting
Information) showed vibrations associated with the functional
groups of the side chain and to interactions between
component functional groups and/or basic substructure of N-
substituted monomers, in addition to the 24 fundamentals of
Py ring. From comparison of theoretical results with

7040

< 0,04 I
p l
§ 0,03 5
S 1 (]
» 0,024 -
kS ] =)
o
0,01
= | 8 21
0100 T T T T
B3LYP MO5-2X AM1 PM3
~ 20 -
8 1.5 b3
© 1
% 1,0 1 Q
[a) - T
= 05 1
0,0 T T T T
B3LYP M05-2X AM1 PM3

Figure 2. Mean deviation (MD) of internal coordinates, bond
distances (top) and bond angles (bottom), of the monomers Py, PrPy,
PySi, and PySiOH, calculated with AM1 and PM3 semiempirical
hamiltonians and density functional methods B3LYP and MO0S5-2X
with basis set 6-31G(d,p). Error bars correspond to the standard
deviation.

experimental data for Py in the gas phase,™% the root-

mean-square (rms) deviation of 25.0 cm™ is in the range of
reported rms values using other theoretical methods with
double-¢ 6-31G basis sets (17.4—43.9 cm™).** Good agree-
ment with experiment is indicated also for N-PrPy by
considering the experimental IR data of N-butylpyrrole neat
liquid,”® with the exception of CHj stretching vibrations and
C—C scissoring of the propyl chain that are shifted to higher
frequencies by 40—50 cm™' for the former. The theoretical
vibrations of PySi and PySiOH (Table S3, Supporting
Information) were compared with experimental ATR-IR
spectra of PySi neat liquid and of its hydrolyzed methanol-
based solution (after solvent evaporation),1 as well as with
experimental IR data for neat liquid of N-[(triethoxysilyl)-
methyl]pyrrole'* and IR/Raman for triethylsilanol (gas phase
and neat liquid).71 The agreement between theory and
experiment is quite satisfactory, with the exception of SiOH
vibrations for PySiOH and PySi hydrolyzed solution due to
hydrogen bonding and siloxane linkages promoted in the latter
(broad bands between 3600—3100, 1100—1050, and 900—800
ecm™').! Nonetheless, theoretical stretching vibrations of free
OH groups voy & 3720—3728 cm™' are in very good
agreement with experimental gas phase data of triethylsilanol
(3730 cm™)”' (Table S3, Supporting Information). From
comparison of theoretical Py ring fundamentals, major
differences are obtained for B2v,y_,,, Alv,s, Alyg, and Al
With N-substitution, the frequency and intensity of B2v,,_,,
and Aly, s decrease and increase similarly. Also the intensity of
Al,g and Al decreases and increases, respectively, but the
frequency is higher for N-PrPy and PySiOH and smaller for
PySi, in comparison to the case for the Py ring. Although these
fundamentals are affected mostly by spatial/mechanical
interactions (twisting) and motions such as scissoring and
wagging of —CH, groups of the alkyl spacer, PySi presents less
symmetric mass center due to the bulky methoxy end groups.

Table 1 reports HOMO and LUMO energy levels (e, €.),
gap energies (Eg = g — ¢&y), global reactivity descriptors, and
global dipole moments, as obtained at M05-2X and B3LYP
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Table 1. Calculated HOMO and LUMO Energy Levels (y0m0s €Lumo), Gap Energy (E, = €, — &), Chemical Potential (u),
Electronegativity (y), Global Hardness (7), Global Softness (S), and Global Electrophilicity Index (@) for the Monomers
Calculated at B3LYP/6-31G(d,p) and M05-2X/6-31G(d,p) Levels of Theory”

Py PrPy PySi PySiOH

M05-2X B3LYP M05-2X B3LYP M05-2X B3LYP MO05-2X B3LYP
£r0MO —0.2568 —02023 —0.2526 —0.1985 —0.2516 —0.1969 —0.2496 —0.1955
ELUMO 0.0985 0.0495 0.0952 0.0473 0.0948 0.0478 0.0887 0.0348
E, (eV) 9.6674 6.8501 9.4647 6.6885 9.4236 6.6591 9.2043 6.2665
7 =—u 2.1527 2.0782 2.1417 2.0567 2.1329 2.0289 2.1886 2.1869
n 4.8337 3.4251 47324 3.3442 47118 3.3296 4.6022 3.1332
S 0.2068 0.2919 02113 0.2990 02122 0.3003 02173 0.3192
® 0.4794 0.6305 0.4846 0.6324 0.4827 0.6182 0.5204 0.7632
dipole moment (D) 1.9652 1.9019 2.2930 2.1889 2.9730 2.9399 3.8173 3.7623
AN —0.0030 —0.0122
ECT —0.0229 —0.0886

“Units other than Hartree Atomic Unit are indicated in parenthesis.

with the 6-31G(d,p) basis set. M05-2X/6-31G(d,p) impor-
tantly overestimates the experimental E, of the pyrrole
monomer (5.97 eV),”” as well as the theoretical gas phase E,
= 7.44 eV calculated with B3P86-30% method, which has been
proposed as more reliable for estimation of gap energies of CPs
oligomers.73 Nonetheless, E, = 803 eV with MO0S-2X and
higher quality 6-31++G(d,p) basis set, this value being higher
than the theoretical B3P86-30% by 0.59 eV. Note that the
difference between Eg at B3LYP/6-31G(d,p) and at B3P86-
30% is the same. Although the former functional is more
popular than meta-exchange—correlation functional M0S-2X,
incomplete cancellation of self-interaction errors is significantly
higher.** In addition, M05-2X performs better for non-
covalent interactions like hydrogen bonding, which cannot be
ignored for silanol groups. Even so, both functionals
qualitatively predict PySiOH more reactive than PySi (Table
1). With N-substitution, E, and 7 decrease, while y, S, and
increase, but more importantly for PySiOH. Similarly, the
global dipole moment increases markedly, indicating higher
directionality of molecular polarization due to unequal sharing
of electrons. This global property is less influenced than E, by
the method of calculation, and good agreement with experi-
ment is obtained for Py monomer (1.870—1.890 D).>®

It is to be noticed also that the decrease of E; with N-
substitution is mainly due to the decrease of LUMO (& ypo)
rather than of HOMO (ey0p0) energy levels, regardless of the
DFT method. This indicates favored delocalization of the
conduction band, more importantly for PySiOH. Frontier
orbital maps showed both &; ;0 and eop0 localized on the Py
ring for all the monomers but PySiOH with LUMO localized
on the silanol end group (Figure S4, Supporting Information).
Accordingly, this monomer presents an electron-rich Py ring
and electron-deficient silanol, indicative of donor—acceptor
character.”*”7°

A similar indication is obtained from computed local
reactivity descriptors, namely local (condensed) Fukui
functions (fg, ff), reported in Tables 2 and 3, where the
corresponding isovalent surfaces (0.004 electron/bohr?) of spin
electron density are included. Regardless of the nature of the
substituent, f; is higher on @, @’ and 3, ' carbon atoms of Py
ring with eyopmo localized on the double bonds (Table 2),
indicating these sites are electronically enriched. Similarly, the
electron density is higher on C, ,, this site being more prone to
electrophilic attack. Thus, the nucleophilic nature of Py ring is

Table 2. Condensed Fukui Function (f,”) Derived from the
Hirshfeld Partitioning Scheme and the Corresponding
Isovalent Surfaces (0.04 electron/bohr®) for Minima Energy
Structures of the Monomers at the M05-2X/6-31G(d,p)
Level of Theory

Atom Pyrrole  NPrPy PySi PySiOH Isosurfaces
Cla 0.203 0.190 0.189 0.189
C2 0.119 0.111 0.110 0.110
C3 0.119 0.111 0.110 0.111
C4a 0.203 0.190 0.189 0.189
N 0.051 0.034 0.034 0.034
H6 0.045 0.065 0.065 0.065
H7 0.071 0.055 0.055 0.055 X _
HS8 0.059 0.055 0.055 0.055
H9 0.059 0.065 0.065 0.065
H 10 0.071 - - -
Ca(Hy) - 0.009 0.008 0.008
Hal - 0.021 0.019 0.020
Ho2 - 0.021 0.019 0.020 NPrPy
CB(Hy) - 0.005 0.002 0.002
Hp1 - 0.005 0.003 0.004 ”
Hp2 - 0.005 0.003 0.003
Cy(Hy) - 0.013 0.007 0.007
Hyl - 0.019 0.009 0.009
Hy2 - 0.012 0.008 0.009
Hy3 - 0.012 - -
Si - 0.006 0.009
01 - 0.002 0.0001
C 0Ol - 0.005 -
PySi
H - 0.006  0.008 (H_O1)
H - 0.003 -
H - 0.007 -
02 - -0.006 0.011
C 02 - 0.004 -
H - 0.003 0.007(H_02)
H - 0.005 -
H - 0.007 -
03 0.005 0.0007
C_ 03 0.001 -
H - -0.004  0.007(H_O3) PySiOH
H - 0.010 -
H -0.003 -

still important in the presence of methoxysilyl and hydroxysilyl
end groups (Figure lab).

To evaluate possible intermolecular charge transfer between
PySi and PySiOH, based on the coexistence of both monomers
in PySi solution at early stages of preparation,’ the electro-
philicity-based charge transfer (ECT) was calculated by”’

ECT = (AN, )x — (AN, s

7041 DOI: 10.1021/acs.jpca.5b04167
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Table 3. Condensed Fukui Function (f;") Derived from the
Hirshfeld Partitioning Scheme and the Corresponding
Isovalent Surfaces (0.04 electron/bohr®) for Minima Energy
Structures of the Monomers at the M05-2X/6-31G(d,p)
Level of Theory

Atom _ Pyrrole ~ NPrPy PySi PySiOH Isosurfaces
Cla 0.167 0.141 0.093 0.044
C2 0.103 0.090 0.063 0.038
C3 0.103 0.090 0.063 0.037
C4a 0.167 0.141 0.093 0.045
N 0.109 0.073 0.048 0.021
H6 0.064 0.069 0.045 0.024
H7 0.082 0.054 0.038 0.024
HS8 0.061 0.054 0.038 0.024
H9 0.061 0.069 0.045 0.022
H 10 0.082 - - -
Ca 0.027 0.017 0.012
Hal 0.040 0.026 0.015
Ho2 0.040  0.023 0.014 NPrPy
CB 0.013 0.012 0.013
HB1 0.012 0.011 0.015
Hp2 0.012 0.013 0.014
Cy 0.018 0.012 0.021
Hy1 0.024 0.014 0.025
Hy2 0.016 0.013 0.024
Hy3 0.016
Si 0.050 0.148
(0] 0.020 0.044
C 01 0.028 PySi
H 0.022 0.065
(H_01)
H 0.016
H 0.022
02 0.007 0.070
Cc 02 0.025
H 0.022  0.120(H_02)
H 0.021
H 0.026
03 0.014 0.049
C 03 0.019
H 0.013  0.079(H_03) PySIOH
H 0.020
H 0.008

where maximum electronic charge AN, = —u/1, and A and B
correspond to PySi and PySiOH (and vice versa). As reported
in Table 1, negative ECT values are obtained for both DFT
levels of theory, predicting a charge flow from PySi (electron
donor) to PySiOH (donor—acceptor). Considering the higher
reactivity of PySiOH, a—a’ linking of Py rings is likely
promoted with methoxy group’s hydrolysis, as indicated by
experiment.

Concerning f; (Table 3), still larger values are obtained on
C,,o for PySi, as for Py and N-PrPy, conversely to PySiOH with
the highest value of f{ on the Si atom, corresponding to LUMO
localization. Although computation of atom-condensed Fukui
functions depends on the approach employed,”® the theory
predicts important changes of electronic distribution from
donor to donor—acceptor behaviors by replacing the methoxy
group with a hydroxyl, ie., from PySi to PySiOH. Although the
donor strengths of both monomers are quite similar, the
acceptor strength of PySiOH markedly increases due to the
electron-deficient silanol end group. Thus, hydrolyzed PySi
presents two preferential reactive sites prone to electrophilic
attack on electron-rich C,, of Py ring and to nucleophilic
attack on electron-deficient silanol group.

3.2. Conformational Analysis of PySiOH Oligomers
(c—a’Py,SiOH). Randomly generated structures of a—a’'-
Py,SiOH (n = 2, 3) (Figure 1c) with no restriction of inter-ring
torsion angle ZNCCN (6) were optimized at the semiempirical
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AMI1 level of theory, and the most stable configurations were
refined with M05-2X/6-31G(d,p). As pointed out before, these
methods estimate better bond angles (Figure 2). In addition,
PM3 overestimates hydrogen bonding interactions’” and M0S-
2X performs better than B3LYP for noncovalent interac-
tions.*** Conformation assignment was based on torsional
angle arrangement (Scheme 1), according to IUPAC
terminology.80

Scheme 1. Conformation Assignment by Considering
Torsional Angle (f) Arrangement, According to I[UPAC
Terminology

cis (c)
0°

-30° +30°

- cis-gauche (cg+) + cis-gauche (cg+)

gauche (g) -90° +90° gauche (g)

- trans-gauche (tg-) + trans-gauche (tg+)

trans (t)

-150° +150°

With regard to dimer structures (a—a'Py,SiOH), config-
urations with 8 of 0° (cis), 90° (gauche), and 180° (trans) were
not displayed in the MMH output results. Single-point energy
calculations at M05-2X/6-31G(d,p) indicated the trans
conformation as a transition state (one imaginary frequency
of 24i cm™'). Thus, only cis and gauche structures are
considered for comparison with M05-2X/6-31G(d,p)//AM1
dimer configurations. Table 4 reports the relative energy (AE)

Table 4. Inter-Ring Torsional Angle (#) and Relative Energy
(AE) of Py,SiOH Dimer Conformations, As Obtained with
MO05-2X/6-31G(d,p)

conformation 0 (deg) AE (kcal/mol)

cisv(c) 0 234
=20 20.6

cis—gauche+ (cg+) 41 14.3
60 11.5

cis—gauche— (cg—) =79 8.4
gauche (g) 90 5.8
trans—gauche+ (tg+) 108 6.6
150 12.9

trans (t) 160 14.5
trans—gauche— (tg—) —150 3.8

—-121 0
—-94 2.7

and ZNCCN (0) of DFT-refined Py,SiOH dimer structures
with AE < 25 kcal/mol. The plot of AE as a function of 0
shows no global minimum but two potential energy wells that
are energetically nonequivalent (Figure 3). The well with AE <
S kcal/mol is defined by tg— configurations, and the second
well by conformers with @ > 40°, in particular by tg+ (180°)
and g (90°) with AE < 7 kcal/mol. The corresponding
optimized geometries are illustrated in Figure 4.

For the analysis of the alkyl side-chain conformation, trans
and gauche orientations correspond to dihedral angles
#NC,C4C, (7, 7') and £C,C4C,Si (v, ') outside +120°
and within +120° respectively, according to IUPAC

DOI: 10.1021/acs jpca.5b04167
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AE (kcal/mol)

o

160 -120 -80 -40 0
0 (%)

T T T T
40 80 120 160

Figure 3. Potential energy curve as a function of inter-ring torsion
angle (0) for a—a'Py,SiOH conformers at the M05-2X/6-31G(d,p)
level of theory: (O) MMH-derived refined structures; () optimized
structures with fixed 6.

terminology for alkyl chains.®® When 7, v and 7/, v/ values of
the adjacent side chains are plotted as a function of 6 (Figure
5), 7 and 7’ change markedly between +180° (t+) and +75° (g
+). Conversely, v = v/ = —75° for most conformations,
indicating g— preferential space arrangement of silanol-
terminated alkyl chain. For most stable tg— dimer structures
(AE < S kcal/mol), t—g—/g+g— orientation prevails for 6 =
—150° and —121°, whereas t—g+/t+g— for 8 = —94°. This
dimer as being closer in relative energy to the minima structure
(8 = —121°) was confirmed by single-point calculations using
MO0S-2X with the higher quality 6-31++G(d,p) basis set. AE
decreases from 2.7 to 1.5 kcal/mol, but it does not change for
the tg— conformer with @ = —150°. The higher stability of the
dimer structure with 6 = —94° is likely determined by
symmetry and molecular packing induced by the opposite

a2

rotation of the corresponding dihedrals (t—g+/t+g— side-chain
orientation) (Figure 4).

As for dimer configurations, trimer conformers gg (0 = 8’ =
90°), tg (0 = 90°, @' = 180°), and tt (0 = ' = 180°) were not
displayed in the MMH output file. Vibrational frequency
calculations for the optimized structures at M05-2X/6-31G-
(dp) give small imaginary frequency (1.9i cm™) for gg
structure, whereas the tt conformer showed a second-order
saddle point. Thus, only the gg trimer configuration is
considered in this study.®!

Inter-ring torsion angles (6, ') and the corresponding AE
values of most stable trimer a—a'Py;SiOH structures (MOS-
2X/6-31G(d,p)//AM1), as well as of the gg conformer, are
reported in Table S (Scheme 1). The corresponding optimized
geometries are illustrated in Figure 6. Trimer conformers with
AE < 5 kecal/mol correspond to g—/cg+, g/tg+, and to tg—/tg+
with @ = —107° and €' = 99° being the latter the minimum
structure as confirmed also by single-point energy calculations
using 6-31++G(d,p) basis set. Closer examination of 6, &’ and
AE (Table S) indicates that the stability of trimer structures is
not likely determined by inter-ring torsional angles. Note
conformations g+/tg+ and gg with similar @ and 6’ that differ in
AE by more than 10 kcal/mol.

For the analysis of alkyl side chains orientation for a given
trimer conformer, dihedral angles «NC,C4C, and £C,C,4C,Si
were determined in relation to € for the first and second side
chains (7, 7/ and v, ') and to & for the second and third side
chains (7/, 77 and 1/, "), respectively. Figure 7 reports the
dihedral angles for each conformation in the order of increasing
AE (arrow on the top). 7 and 7’ markedly alternate between 2
+180° and 7’ = 7" < —50° for less stable trimer structures,
whereas no trend is evident for £C,C4C,Si (v, " and v/, 1").
Combined analysis of «NC,C,4C, and £C,C4C,Si for con-
formers with AE < § kcal/mol indicates paired rotations in
opposite sense. As for dimer comformers, molecular packing

tg—(-94°)

1g+ (108°)

B b %
e

8(90°)

Figure 4. Optimized geometries at M05-2X/6-31G(d,p) of a—a'Py,SiOH dimer conformations that define the energy wells in Figure 3. Relevant
donor—acceptor interactions with the corresponding interatomic distances are indicated.
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Figure S. Dihedral angles ZNC,C,C, (7, 7’) and £C,C,C,Si (1, ) of N-side chains of a—a'Py,SiOH structures as a function of the torsion angle at

the M05-2X/6-31G(d,p) level of theory.

Table S. Inter-Ring Torsional Angles (0, 0’) and Relative
Energy (AE) of Trimer Py;SiOH Conformations, As
Obtained with M05-2X/6-31G(d,p)

conformation 0 (deg) 0’ (deg) AE (kcal/mol)
g—/cg+ -93 70 0
g+/tg+ 93 127 34
tg—/tg+ ~107 99 36
—135 116 7.6
—115 110 10.9
& 90 90 14.6

induced by alkyl side chains orientation provides stability to
a—a'Py;SiOH (Figure 6).

Calculations of gap energy E, and of global dipole moment of
dimer and trimer structures at MOS- 2X/6-31G(d,p) level of
theory indicate dipole-induced decrease of E, for less stable
structures (Figure 8). Conversely, either properties decrease or
increase for a given minima structure (AE < S kcal/mol),
regardless of AE and molecular packing. In addition, dimer (or
trimer) structures with consistently different stability present
similar dipole moments. No correlation was found between E
and changes in &y, € energy levels, even though the latter
values indicated that the donor—acceptor character of PySiOH
is preserved in a—a’ Py linked oligomers.

3.3. Noncovalent Interactions of a—a’Py,SiOH. Table 6
summarizes the results of NBO analysis of a—a'Py,SiOH
conformers with AE < 7 kcal/mol. The most relevant
intermolecular interactions are indicated by the corresponding
interatomic distances in Figure 4. Two types of stabilizing
contributions are obtained: (i) n(O)—o*yy interactions
between the oxygen lone pair and the ¢ antibonding orbital
of the hydroxyl functionality of adjacent silanol groups, and (ii)
Ting—0"on interactions that involve silanol group and the 7-
system of Py ring.***"** Minima tg— conformations (AE < 5
kcal/mol) present a hlgher charge transfer (Aq) and
stabilization energy (E®) for n(0)—c*qy, in correlation with
interatomic distances less than 2 A. Conversely, dispersive
Ting—0"on NBOs are more important for structures with AE >
S kcal/mol (e.g, conformers tg+ and g in Table 6).
Nonetheless, the contribution of these dispersive forces is
non-negligible also for tg— structures, as indicated the
evaluation of the relative importance of n(O)—o*oy and

Tiing U o following an elimination procedure implemented by
NBO.’>" The energy contribution of the deleted term was
estimated by the energy change (AEgp) given by the difference
between the energy of deletion (E;,) and the original self-
consistent field (SCF) energy (Eyscr)- For the tg— structure
with @ = —121°, deletion of more important n(O)—c*,y and
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Ting—0 "oy interactions produces a destabilization of 20.5 and
of 10.8 kcal/mol, respectively. Similarly, AEgp of 2.1 and 10.1
kcal/mol were obtained for the tg— conformer with 8 = —150°.
Accordingly, elimination of either n(O)—o*gy or Ting—0 " oH
NBOs causes a notable energetic impact on the tg—
conformation stability, which points to a cooperative
contribution of electrostatic and dispersive interactions. This
is supported by the smaller contribution of 7,,,—6™ oy NBOs
for the tg— structure with @ = —94° in comparison to the cases
of the other two tg— conformers (Table 6). The former
involves interactions between OH groups and Py rings of
opposite PySiOH units (Figure 3). These cooperative weak
interactions provide important stability to the tg— conformer (6
—94°), being closer in AE to the minimum #g— conformer (6
= —121°) (Table 4).

Similar results are obtained for trimer configurations
a—a'Py,SiOH (Table 7, Figure 6). Minima-energy conformers
(AE < S kcal/mol) present smaller interatomic distances,
higher E?® and higher Aq for n(O)—o*qy interactions.
Deletion of important n(O)—c*qy contributions produces an
increase of AEpp between 10 and 20 kcal/mol. Note that these
interactions are not limited to silanol groups on adjacent side
chains, as in the case of the minimum g—/cg+ structure (Figure
6).

The importance of weak noncovalent interactions is pointed
out also by the increase of AE as the contribution of 7—6*y
interactions decreases for a given minima conformer, as well as
by the non-negligible n(O)—o*yy but less important
Ting—0*on interaction for the gg conformer (AE > 10 keal/
mol). (Table §).

The analysis of high-frequency vibrations involving the most
important stabilizing n(O)—o*oy NBOs of dimer and trimer
structures with AE < S kcal/mol indicated some correlation
between E? and the stretching vibration of OH groups
v(OH). As shown in Figure 9, for tg— dimer structures with 6 =
—121° and @ = —150° higher E® corresponds to higher
intensity and smaller frequency of ¥(OH), conversely to the
tg— conformer with 6 = —94° (Table 6). Dimer conformers tg+
and g with no important contribution of n(O)—c*y showed
even less intense vibrations at about 3700 cm™ (free OH
groups). Similarly, among the trimer structures, smaller
frequency (3330 cm™') and higher intensity (~800 km
mol™") of v(OH) is obtained for the g/tg+ conformer with
stronger n(O)—0*OH NBOs (Table 7), whereas the opposite
was obtained for the minimum structure g—/cg+. This result
points to oligomers stability being not solely determined by
intramolecular H-boding interactions between silanol groups.
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Figure 6. Optimized geometries of most stable trimer a—a'Py;SiOH conformations at the M05-2X/6-31G(d,p) level of theory. Relevant donor—
acceptor interactions and the corresponding interatomic distances are indicated.

To understand better the nature of the above-mentioned
stabilizing interactions, RDG analysis was carried out for most
stable Py,SiOH structures (AE < 5 kcal/mol). Figures 10 and
11 show RDG isosurfaces of dimer and trimer conformers. The
blue color (p > 0, A < 0) corresponds to strong attractive
interactions (hydrogen bonding), green color (p = 0, 1 22 0) to
weak interactions (van der Waals), and red color (p > 0, A > 0)
to strong repulsive interactions. As expected, the latter are
remarkable around bulky silicon atoms (steric crowding),
whereas vdW forces expand among all C and H atoms
belonging to the Py ring and alkyl side chains (green/light
brown zones). In agreement with NBO results, strong
intramolecular hydrogen bonding interactions between silanol
groups (blue regions) are not limited to adjacent side chains in
the case of trimer structures (Figure 11).

More importantly, intense blue-green regions between the
interacting silanol group and Py ring (Figure 10) indicate
dispersive interactions due to vdW forces resulting from
induced deformation of the Py ring electronic cloud by the
polar OH group of the electron-deficient SiOH. Note that the
latter group is in antiparallel orientation with respect to the
plane of the Py ring, thus obtaining T-shaped OH-=x
arrangements. By considering the dimer tg— with 6 = —94°
and the minimum trimer structure g—/cg+ (6 = —93°, &'
70°), these present less strong electrostatic interactions but
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more balanced nonlocal vdW forces due to the higher
molecular packing. Accordingly, the relative stability of minima
structures is significantly enhanced by weak noncovalent vdW
intramolecular interactions. Small Py,SiOH oligomers can be
visualized as noncovalent aromatic complexes driven by
hydrogen-bonding and dispersive vdW-type forces.**** Struc-
tures with important interactions involving T-shaped OH—=
arrangements seems to be energetically favored due to the
minimized repulsion but good dispersion and electrostatic
interactions (2.1-2.4 A).

Recall in Figure 8, structures with higher molecular packing,
ie, tg— with € = —94° and g—/cg+ (0 = —93°, ' = 70°),
present higher dipole moments and E, values, in comparison to
the data for other minima structures (AE < § kcal/mol). On
the basis of NBO and RDG results (Figures 10 and 11), the
increase of global dipole moment correlates with the higher
contribution of “free” OH groups, whereas that of E, with the
less favored T-shaped OH—7 arrangement. Accordingly, the
decrease of the gap energy seems to be dominated by dispersive
—o* oy interactions in favor of electron delocalization as a
result of the donor—acceptor character of PySiOH units. The

ﬂ’-ring
importance of dispersive vdW interactions on band gap
modifications has been addressed for other oligomeric and
macromolecular systems.®®
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Figure 8. Band gap energy E, (closed squares) and dipole moment (crosses) at M0S-2X/6-31G(d,p) as a function of AE for (a) dimer and (b)
trimer structures (Tables 4 and $).

Table 6. Natural Bond Orbital (NBO) Analysis at the M05-2X/6-31G(d,p) Level of Theory for Dimer Py,SiOH Conformations
Defining Potential Energy Wells in Figure 3

conformation (AE in kcal/mol) 0 (deg) donor NBOs acceptor NBOs distance (A) E® (kcal/mol) Agq (au)

tg— (0) -121 n(0) O-H o* 1.78 20.7 0.033
2.06 3.8 0.006
p/3 O-H o* 2 0.12 10.3 0.019
(2.7) —94 n(0) O-H o* 1.98 104 0.013
p/4 O-H o* 2.37 39 0.007
2.39 2.5 0.005
(3.8) —150 n(0) O-H ¢* 1.81 18.1 0.029
2.19 2.0 0.003
b4 O-H o* 2.33 9.8 0.018

g (58) 90 z O-H o* 225 59 0.01
2.30 4.9 0.009

tg+ (6.6) 108 x O-H ¢* 221 54 0.01
2.24 3.8 0.007
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Table 7. Natural Bond Orbital (NBO) Analysis at the M05-2X/6-31G(d,p) Level of Theory for Trimer Py,SiOH Conformations

conformer (AE in kcal/mol) 0, 0’ (deg) donor NBOs acceptor NBOs distance (A) E® (keal/mol) Aq (au)
g—/cg+ —93, +70 n(O) O-H o* 1.92 13.1 0.017
(0) 2.04 45 0.007
n O-H o* 2.24 S.5 0.010
2.31 2.6 0.005
ot/tgt 93, 127 n(0) O-H o* 1.81 18.1 0.029
(34) 2.07 34 0.006
b3 O—-H o* 2.20 9.8 0.018
2.38 2.8 0.005
tg—/tg+ —107, +99 n(0) O-H o* 1.95 84 0013
(3.6) 2.03 3.5 0.006
T O—H o* 223 3.5 0.006
2.30 3.5 0.006
tg—/tg+ —135, +116 n(0) O-H ¢* 1.94 122 0016
(7.6) P O-H o* 2.36 42 0.008
tg—/tg+ —115, +110 n(0) O-H o* 2.02 24 0.004
(109) 2.03 33 0.005
n O-H o* 2.19 6.7 0.012
& 90, 90 n(0) O-H o* 1.87 6.9 0.011
(14.6) 1.90 113 0018
. 3700+ - 94° the shoulder at 695 cm™, associated with Py “bulk” (B) and
€ 3600 “end groups” (T) modes, respectively.
I 3500 - Similar considerations were derived from NMR experiments
o =150° p=-121° (using deuterated solvents and acid). In particular, **Si NMR
3400+ spectra after 1 month of PySi solution preparation® showed an
33004 L] - intense peak at —48.9 ppm associated with siloxane dimer R—
—~ = Si(—O—-Si)(OH), (T, structure) and less important peaks at
E 800 . ° —40.5 and —58.0 ppm corresponding to hydrolyzed silane R—
£ 600 Si(OH); (Ty) and linear siloxane chain R—Si(—0—Si),(OH)
> (T,).5° Conversely, T2 structures and tridimensional cross-
G 400+ linking prevail for a similarly prepared solution of dihydroimi-
2 004 o dazole based silane, namely N-[3-(triethoxysilyl)propyl]-
- : : : : : : . dihydroimidazole. Note that dihydroimidazole is a nonaromatic
8 10 12 14 16 18 20 22

E® n(0)-6*OH (kcal/mol)

Figure 9. Relationships of theoretical 2y frequency (M) and intensity
(@) with perturbative energy E® (kcal/mol) of n(O)—c%*qoy
intramolecular interactions at the M0S5-2X/6-31G/d,p) level of theory
for tg— a—a'Py,SiOH conformers.

3.4. Summarized Experimental Chemical Behavior of
PySi Solution. As mentioned before, quite peculiar chemical
behavior of PySi in methanol-based solutions (4 vol % of PySi
methanol/water 95:5, pH = 4 by adding few drops of acetic
acid) has been revealed by different spectroscopic analyses
(ATR-IR, NMR ('H,C,*Si), UV—vis)."*” ATR-IR experi-
ments indicated formation of hydrogen bonded-silicon and
siloxane linkages, according to the broad bands between 3600—
3100 cm™'/900—800 cm™' (OH stretching/deformation) and
1100—1050 cm™" (Si—O-Si stretching). However, differently
from methyltrimethoxysilane, which was studied in parallel
using similar experimental conditions, condensation of silanol
groups is less favored for PySi solution, as manifested by the
negligible variation of (OH) with time.' Note that hydrogen
bonding interactions between SiOH and polar solvent
molecules cannot be neglected for both silanes. Concerning
Py ring vibrations, a—a’ linking of Py units was indicated by.the
more important increase of the band at 800 cm™" in relation to
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five-membered heterocyle with two nitrogen atoms. '"H NMR
spectra (Figure 12) show a remarkable increase with the time of
the peak at 4.86 ppm, related to the formation of SiOD.* Due
to the use of deuterated solvents, this peak does not shift
toward smaller 6 with time, as expected for hydrogen-bonded
silicon. More importantly, the decrease and broadening of the
H-C, peak at 6.67 ppm with time is remarkable in comparison
to that of H—Cy (6.02 ppm) (Figure 12). Closer examination
of the H—C, peak evolution revealed two additional shoulders
at 6.65 and 6.63 ppm for a 2-month aged solution, indicating
formation of oligomeric a—a’ linked Py structures.*’” This was
indicated also by the more important variation with time of the
C, peak (119.4 ppm) in relation to the Cj peak (106.03 ppm)
in the *C NMR spectra.*®

With regard to the UV—vis spectra, these were recorded also
for pyrrole, using similarly prepared solutions.” As shown in
Figure 13, both Py and PySi solutions show two overlapped
features between 400 and 550 nm, in addition to a band at
about 600 nm, for relatively short times of solutions
preparation. In the case of the PySi solution, these features
are detected at higher wavelength due to N-substitution but are
much more intense (for equivalent times), suggesting intra-
molecular polarization and/or medium-induced polarization
effects. This points to hydrolyzed PySi linking via Py rings to
form charged species composed of Py,SiOH oligomers. At
longer times, the overlapped peaks (400—S50 nm) evolve
toward an intense broad sub-bands feature, which progressively

DOI: 10.1021/acs jpca.5b04167
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Figure 10. Gradient isosurfaces (s = 0.5 au) for the minima energy dimer conformers Py,SiOH at the M05-2X/6-31G(d,p). The surfaces on a blue-

green-red scale from —0.05 < sign(4,) p(r) < +0.0S au.
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Figure 11. Gradient isosurfaces (s = 0.5 au) for the minima energy trimer conformers Py;SiOH at the M05-2X/6-31G(d,p). The surfaces on a blue-

green-red scale from —0.05 < sign(4,) p(r) < +0.05 au.

shifts to smaller wavelengths and tends to merge with the
growing absorption tail.

Considering the above-presented theoretical results, the
spectral evolution of PySi solution is dominated by the o—=
mixing effect associated with OH—7 interactions. These not
only limit silanol-end-group condensation but favor charge
trapping due to charge-pinning action of electron-deficient
SiOH promoting Py ring saturation. This consideration could
explain the n-type semiconducting behavior of the PySi hybrid
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film.” In an effort to understand better the charge trapping
phenomena, excited monomers and oligomers are currently
investigated by time dependent DFT.

4. CONCLUSIONS

Pyrrolyl—silicon compounds, namely, PySi and PySiOH
monomers, as well as a—a'Py,SiOH oligomers, were modeled
and investigated using different theoretical approaches. PySiOH
has a smaller gap energy and is more reactive than PySi due to

DOI: 10.1021/acs jpca.5b04167
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Figure 12. '"H NMR spectra as a function of time of PySi solution,
which was composed of 4 vol % of N-3-(trimethoxysilyl)pyrrole
(>98%, Fluorochem) in high-purity (99.9%, Sigma-Aldrich) methanol-
d, and deutrated water (95:5). A given amount of acetic acid-d,
(99.9%, Sigma-Aldrich) was added for pH adjustment to =4. Spectra
were recorded at room temperature using a Bruker 500 spectrometer
(500.13 MHz) and standard S mm BB (broad-band) probe.

its donor—acceptor character with two preferential reactive
sites: electron-rich Py ring and electron-deficient silanol end
group. The decrease of the gap energy is determined by the
decrease of the LUMO energy level, thus predicting favored
delocalization of the conduction band. Conformational, NBO,
and RDG analyses of a—a'Py,SiOH oligomers indicate
enhanced stability by molecular packing and by cooperative
intramolecular noncovalent interactions. Weak dispersive vdW
interactions have their origin on the donor—acceptor character
of PySiOH, where electron-deficient silanol induces deforma-
tion of Py electronic cloud. The electron delocalization favored

this way determines the decrease of the gap energy of
a—a'Py,SiOH oligomers. The present theoretical findings
support the experimental behavior of PySi solution.
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wavelength scan mode (200—800 nm).
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