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ABSTRACT: Diurea cross-linked bridged silsesquioxanes (BSs) C10C,Co
derived from organosilane precursors, including decylene chains as side
spacers and alkylene chains with variable length as central spacers (EtO);Si—
(CHz)lo_Y_(CHz)n_Y_(CHz)lo_Sl(OEt)3 (l’l = 7, 9_12, Y = urea
group and Et = ethyl), have been synthesized through the combination of
self-directed assembly and an acid-catalyzed sol—gel route involving the
addition of dimethylsulfoxide (DMSO) and a large excess of water. This new
family of hybrids has enabled us to conclude that the length of the side spacers
plays a unique role in the structuring of alkylene-based BSs, although their

morphology remains unaffected. All the samples adopt a lamellar structure.

While the alkylene chains are totally disordered in the case of the C;,C,C,o sample, a variable proportion of all-trans and gauche
conformers exists in the materials with longer central spacers. The highest degree of structuring occurs for n = 9. The inclusion of
decylene instead of propylene chains as side spacers leads to the formation of a stronger hydrogen-bonded urea—urea array as
evidenced by two dimensional correlation Fourier transform infrared spectroscopic analysis. The emission spectra and emission
quantum yields of the C;,C,C;, materials are similar to those reported for diurea cross-linked alkylene-based BSs incorporating
propylene chains as side spacers and prepared under different experimental conditions. The emission of the C;,C,C;¢ hybrids is
ascribed to the overlap of two distinct components that occur within the urea cross-linkages and within the siliceous nanodomains.
Time-resolved photoluminescence spectroscopy has provided evidence that the average distance between the siliceous domains and
the urea cross-links is similar in the C;,C,C;¢ BSs and in oxyethylene-based hybrid analogues incorporating propylene chains as side
spacers (diureasils), an indication that the longer side chains in the former materials adopt gauche conformations. It has also allowed
us to demonstrate for the first time that the emission features of the urea-related component of the emission of alkylene-based BSs

depend critically on the length of the side spacers.

1. INTRODUCTION

In materials science, structure and morphology are considered
as key parameters that primarily dictate the features of the
materials. Their control is thus of the utmost interest to tailor the
properties of a single material, dependinég on the required application.

Bridged silsesquioxanes (BSs)' ™ constitute an important
family of siliceous materials in which the intimate coexistence of in-
organic domains and organic fragments endow them with very inter-
esting perspectives for applications in optics,** catalysis® or micro-
electronics.” Typically, BSs are synthesized by means of the sol—gel
process from bridged organosilanes. Although usually obtained as
amorphous materials, BSs have also been produced in the form of
periodic mesoporous organosilicas® via the addition of external
template or as nanostructured materials via self-templating effects.”
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The particular case of the BSs obtained through a combination
of self-directed assembly routes and sol—gel reactions offers a
wide range of possibilities in terms of morphology fine-tuning. In
these systems, self-directed assembly'® of silsesquioxane precursor
molecules with the general formula (EtO);Si—S,—Y—S,—
Y—S,—Si(OEt); (where the central spacer S; is an alkylene chain
with variable length (—(CH,),—), an arylene, or a cyclo-
hexylene group, the side spacers S, are short alkylene chains
(—=(CH,),,—) (in general, propylene chains, m = 3) and the
cross-link Y is the urea (—NHC(=O)NH—) group) is governed
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by the growth of a supramolecular architecture that acts as an
internal structure-directing agent."' "7 The driving forces of the
process are weak interactions (hydrogen bonds formed between Y
groups and 71— or hydrophobic interactions established between
S, moieties), which yield hierarchically structured long-range or-
dered architectures with well-defined morphologies at the
macroscopic scale.

BS hybrids exhibiting chiral helical morphology were pro-
duced from (EtO);Si—S,—Y—(CgH,0) —Y—S,—Si( OEt); (where
S, = —(CH,)3—) RR and S,S enantiopure precursors."® Chirality
transcription from the cyclohexyl-based enantiomers depends
critically on the experimental conditions. Acid catalysis yielded
right- or left-handed helical fibres, respectively, or a featureless
granular solid from the racemic mixture. Basic catalysis led to the
formation of hollow tubular or spherical silica from the enantio-
pure compounds or the racemic mixture, respectively.'” Inter-
estingly, it was later shown that under acidic catalysis, the length
of the side spacer S, could also play an important role in the
morphology of the resulting hybrids.” Materials incorporating
propyl and butyl (S, = —(CH,),—) side spacers consisted of
fiberlike structures. Although chirality transcription prevailed,
helicity was reversed, demonstrating an odd/even effect due to
the odd or even number of carbon atoms in the S, chain. Platelike
shapes were formed instead from the precursors containing
pentylene (—(CH,)s—) and decylene (—(CH,) ;o—) side spacers.
A lamellar structure was observed in the hybrid with the longest
S, chain.*!

The most extensively investigated ordered BS structures have
been undoubtedly the lamellar packed structures synthesized
from the alkylene-based precursors (EtO);Si—(CH,);—Y—
(CH,),—Y—(CH,);—Si(OEt); (Pn)."" "7 In this class of hy-
brids, the synthetic procedure adopted also exerts a dramatic
influence on the final morphology: hydrochloric acid (HCI)-
catalyzed hydrolysis induced the formation of lamellar packing,
whereas fluoride ion (F)-catalyzed hydrolysis under stoichio-
metric conditions yielded amorphous materials.'”'* Tt was also
demonstrated that the degree of order of the hybrids increases
with the length of the central spacer, S;. Chains with less than
eight methylene groups led, however, to disordered materials,
regardless of the reaction conditions employed.'>"*

The case of the dodecylene (n = 12)-based precursor P12 is
worth mentioning in this context because it is an excellent
example of easy tuning of the degree of order, dimension, and
design of the final hybrid compound via judicious modification
of the reaction conditions. The HCl-catalyzed synthesis per-
formed in a large excess of water (molar ratio P12/H,0/HCI =
1:600:0.2) induced the formation of a crystalline lamellar structure
(L12)."%"*7* In contrast, the addition of ammonium fluoride
(NH,F), ethanol (EtOH), and a stoichiometric amount of water
(molar ratio P12/H,0/EtOH/NH,F = 1:6:60:0.01) resulted in
an amorphous material with either granular-like morphology
(A12)" or an irregular microsphere shape with a rough surface
composed of plates.'®

Recently, we reported that lanthanide ions may play a
structuring role under the same reaction conditions employed
to produce L12 and A12.'>'® When the synthetic procedure
used to prepare L12 was adopted and Eu®" ions were incorpo-
rated (introduced as europium chloride (EuCl;)) (molar ratio
P12/H,0/HCI/EuCl; = 1:600:0.2:x, where x = 0.05, 0.95, and
2.9), a photoluminescent lamellar BS (Eu@L12) was formed."
The combination of NH,F-catalyzed sol —gel reactions and Eu**
doping yielded, instead, photoluminescent Eu@A12 hybrids, the

morphology and size of which could be easily altered through the
variation of the Eu®" concentration: (1) Microfibers or twisted
microbundles made of nanoplates assembled in a brick-like tile-
to-tile arrangement (Eu@A12-1) appeared at low Eu®* content
(molar ratio P12/H,0/EtOH/NH,F/EuCl, = 1:6:60:0.01:0.74);
(2) dumbbell-like microobjects (Eu@A12-2) were formed at
higher Eu" content (molar ratio P12/H,0/EtOH/NH,F/EuCl; =
1:6:60:0.01:1.42)."° The influence of the type of solvent was
emphasized more recently.'” When the synthetic route employed to
prepare L12 was combined with the incorporation of a large excess
of dimethylsulfoxide (DMSO) (molar ratio P12/H,0/DMSO/
HCl = 1:527:388:0.175), a material with a microsphere-like
shape that mimics sea sponges was produced (L12D)."”

With the goal of determining the influence of the side
spacers, S,, on the structuring, morphology, and ultimately, on
the optical properties of the P12-derived materials, we have
investigated in the present work a series of alkylene-based hybrid
materials (henceforth designated as C;,C,C,,) derived from
silsesquioxane precursors similar to P12, including side spacers,
S,, composed of decylene chains instead of propylene chains
(EtO)5Si—(CH,) 0~ Y—(CH,),—Y—(CH,)o—Si(OEt)5 with
n =7,9—12 (P10-n-10). Because of the higher proportion of
organic component, the solubility of the precursor molecules in
water is lower than that of the Pn precursor molecules. This
problem was overcome through the addition of a mixture of
water/DMSO. The molar ratio P10-#-10/H,O/DMSO/HCI =
1:527:388:0.175 employed here coincides with that previously
used to prepare the spongelike L12D material.'”**

2. EXPERIMENTAL SECTION

Materials. The o,w-diaminoalkanes were purchased from
Aldrich (1,7-diaminoheptane, NH,—C,—NH,, 97%), Acros (1,9-
diaminononane, NH,—Cy—NH,, 98%; and 1,10-diaminodecane,
NH,—C,o—NH,, 97%), ABCR (1,11-diaminoundecane, NH,—
C1;—NH,, 97%), and Fluka (1,12-diaminododecane, NH,—C,,—
NHS,, 97%). 10-Isocyanatodecyltriethoxysilane (ICDTES) was
prepared according to the procedure described elsewhere.”®
Dichloromethane (CH,Cl,) and pentane were dried over
CaH, and freshly distilled prior to use. DMSO ((CHj3),S=0,
SDS, synthesis grade), ethanol and acetone were used as
received.

Synthesis of the Bridged Organosilanes. The precursors
P10-n-10 were synthesized in Schlenk tubes under anhydrous
conditions (Scheme 1) and stored under a dry atmosphere of
nitrogen (N,). In a typical experiment, ICDTES (1.96 g, 5.6
mmol) was added to a CH,Cl, solution (60 mL) of the diamine
(2.6 mmol) at room temperature. A precipitate formed within a
few minutes. After 24 h, the solvent was removed under vacuum,
and the residue was washed with pentane (40 mL). After drying,
the bis(urea) compound was obtained as a white wax. P10-7-10:
'H NMR (CDCls, 400 MHz): 0.60 (m, 4H); 1.18—1.53 (m,
60H); 3.09 (m, 8H); 3.79 (g, 7.0 Hz, 12H); 5.50 (br, 4H). *C
NMR (CDCl;, 100 MHz): 10.4; 18.3; 22.8; 26.4; 27.1; 28.6;
29.3; 29.48; 29.53; 29.7; 30.1; 30.5; 33.2; 40.0; 40.4; 58.3; 159.3.
P10-9-10: '"H NMR (CDCl;, 400 MHz): 0.62 (m, 4H);
120—1.53 (m, 64H); 3.14 (m, SH); 3.81 (q, 7.0 Hz, 12H);
474 (br, 4H). *C NMR (CDCl;, 100 MHz): 10.4; 18.3; 22.8;
26.4; 27.0; 28.6; 28.9; 29.2; 29.4; 29.5; 29.6; 30.0; 30.3; 33.2;
40.2; 40.5; 58.3; 158.7. P10-10-10: '"H NMR (CDCl;, 400
MHz): 0.62 (m, 4H); 1.18—1.34 (m, 66H); 3.14 (m, 8H);
3.81 (q, 7.0 Hz, 12H); 4,52 (br, 4H). *C NMR (CDCl,,
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Scheme 1. Synthetic Scheme of the Reaction

HyCH,CO,

2.2 H3CHZCO\\Si/\/\/\/\/\/ N=C=0
/

HyCH,CO

ICDTES

+

HzN\/\/\/\/NHz

ZN\/\/\/\/\/NHz

\/\/\/\/\/\NHZ

HZN\/\/\/\/V\/NHZ

HzN\/\/\/\/\/\/\
NH,

H,N-(CH,),,-NH,

H3CH2CO H H
H3CHZCO\8 NSNS N N

~c”
Il
(0]

H;CH,C

]
~ (CH2)n~ N'C N,\N\/\/\’

CHCl,

OCH,CH3
S/ OCH,CH,

) "OCH,CH
H H 23

P10-n-10 with n =10 and 12

HyCH,COQ H H H H OCH,C
H3CH2CO\8|’\/\/\/\/\,N ¢ (CHz)n/N ~c” N\/\/\/\/\/\S OC|2-| |3-|
H3CH,C! i I 'OCH,CHj,
o (o]
P10-n-10 with n =7, 9 and 11
DMSO
H,O
P10-n-10:DMSO:H,0O:HCI = 1:388:527:0.175 H%I
T=80°C
~
o O\ Hoox I 7 -
— /SI’\/\/\/\/\/N\C/N\(CHz)n\N,C N/\/\/\/\/\/S'<g
/ i', H H \
C10CnC10 withn=10and 12
o2 HooHoHw o
—
>Si’\/\/\/\/\/N\C/N (CHZ)n/N\C/N\/\/W\/\Si<O
/O I I 0
o) \

C10C,,C1o Withn=7,9 and 11

100 MHz): 10.4; 18.3; 22.8; 26.6; 26.9; 28.9; 29.0; 29.2; 29.4;
29.5; 29.6; 30.1; 30.3; 33.2; 40.5; 40.6; 58.3; 158.5. P10-11-10:
'"H NMR (CDCls, 400 MHz): 0.61 (m, 4H); 1.15—1.51 (m,
68H); 3.11 (m, 8H); 3.80 (g, 7.0 Hz, 12H); 5.04 (br, 4H). *C
NMR (CDCl;, 100 MHz): 10.4; 18.3; 22.8; 26.7; 27.0; 29.1;
29.2; 29.3 (2C); 29.46; 29.52; 29.6; 30.3; 30.4; 33.2; 40.3; 40.4;
58.3; 158.9. P10-12-10: 'H NMR (CDCl;, 400 MHz): 0.61 (m,
4H); 1.18—1.53 (m, 70H); 3.14 (m, 8H); 3.81 (q, 7.0 Hz, 12H);
4.37 (br, 4H). *C NMR (CDCl;, 100 MHz): 10.4; 18.3; 22.8;
26.7; 26.9; 29.1; 29.18; 29.23 (2C); 29.4; 29.5; 29.6; 30.2; 30.3;
33.2; 40.6; 40.7; 58.3; 158.3.

Synthesis of the BSs. In a typical experiment, a mass of
P10-7-10 (1.2 mmol) was heated in DMSO (33 mL, 464 mmol)

until the solution got clear. While cooling to room temperature,
the mixture gelified. After addition of water (9.3 mL, 517 mmol),
the mixture was warmed up to 80 °C. To the resulting cloudy
solution, a solution of HCI (0.1 N, 2.1 mL, 0.21 mmolycjand 117
mmoli,0) was added. The molar ratio of P10-#-10/DMSO/
H,0O/HCl was 1:388:527:0.175. The mixture was stirred for 1 h
at 80 °C, then kept under static conditions at the same tem-
perature for 4 days. The resulting gel/precipitate was filtered off;
washed successively with water, ethanol, acetone and water; and
then freeze-dried overnight.

Characterization. Solid state NMR: *’Si and ">C solid state
NMR spectra were recorded using the magic-angle spinning (MAS)
and the cross-polarization/magic-angle spinning (CP/MAS) modes,
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respectively, on a Varian VNMRS 400 MHz spectrometer using
a two-channel probe with 7.5-mm-diameter-sized ZrO, rotors.
Tetramethylsilane was used as reference for the chemical shifts.

Scanning electron microscopy (SEM): SEM micrographs
were obtained with a Hitachi S-4800 apparatus after platinum
metallization.

Transmission electron microscopy (TEM): TEM micro-
graphs were obtained using a LEO 906 E Leica. The images
were printed as photographs using Kodak Electron film nega-
tives. TEM micrographs were also obtained using a JEOL 1200
EX2 apparatus equipped with a SIS Olympus Quemesa 11
Mpixel camera. Pictures were treated using the Image] software.

Atomic force microscopy (AFM): The AFM images were
recorded using an AFM Nanoscope Instruments equipment in
tapping mode with a super-sharp silicon probe having a radius of
10 nm, resonance frequency of 330 kHz, and spring constant of
42 N m . The images were deconvoluted considering the
probe’s shape using WSXM software.”* To improve the image
quality, tools to flatten and eliminate line noise and a Gaussian
filter were employed. The same tip was employed in all the
images recorded to avoid the influence of the tip radius variations
on the square roughness values.

Polarized optical microscopy (POM): POM images were
recorded using an Optika B-600POL microscope equipped with
a 8 megapixel digital photo camera. The images were analyzed
using Optika Vision Pro software.

X-ray diffraction (XRD): The XRD patterns were recorded at
room temperature with a Rigaku Geigerflex D/max-c diffract-
ometer system using monochromated Cu K, radiation (4 = 1.54 A)
over the 20 range of between 4 and 70° at a resolution of 0.05°. The
samples were not subject to any thermal pretreatment.

Small angle X-ray scattering (SAXS): The SAXS spectra were
recorded at the National Synchrotron Light Laboratory (LNLS),
Campinas (Brazil), using a SAXS beamline that provides a
monochromatic (A = 1.608 A) and horizontally focused beam.
A vertical position-sensitive X-ray detector and a multichannel
analyzer were used to record the SAXS intensity, I(q), as a
function of modulus of the scattering vector q = 477/A sin (¢/2), &
being the X-ray scattering angle. The parasitic scattering intensity
from air, slits, and windows was subtracted from the total
intensity. The scattering intensity was also normalized by taking
into account the varying intensity of the direct X-ray beam,
sample absorption, and sample thickness.

Fourier transform infrared (FT-IR): The FT-IR spectra were
acquired at room temperature in the 4000—400 cm ' range by
averaging 64 scans at a resolution of 4 cm™ ' and using a Unicam
FT-IR spectrophotometer. To prepare the pellets, 2 mg portions
of the samples were mixed and finely ground with 175 mg of
potassium bromide (KBr, Merck, spectroscopic grade) and
pressed under vacuum. Prior to recording the spectra, the disks
were stored in an oven under vacuum at 80 °C until the levels of
adsorbed water were reduced.

Fourier transform Raman (FT-Raman): The FT-Raman spec-
tra were recorded at room temperature with a Bruker RES 100/S
spectrometer equipped with a near-infrared Nd:YAG laser with
wavelength excitation (1064 nm at 400 mW). The spectra were
collected over the 3200—300 cm ™' range by averaging 200 scans
at a maximum resolution of 4 cm ™'

Curve-fitting procedures: To evaluate broad FT-IR and FT-
Raman bands and to identify underlying spectral components,
the 1terat1ve least-squares curve-fitting procedure in PeakFit
(version 4)>° was used. The best fit of the experimental data

was obtained by varying the frequency, bandwidth, and intensity
of the bands and by using Gaussian/Voight shapes. A linear
baseline correction with a tolerance of 0.2% was employed. The
standard errors of the curve-fitting procedure were <0.003.

Two dimensional (2D) correlation FT-IR spectroscopic

analysis: In 2D spectroscopy, dynamic variations in spectra
(e.g., intensity changes and band position shifts, among others)
produced by an external sample perturbation are mathemati-
cally cross-correlated to construct a 2D correlation contour
map. By spreading peaks over the second dimension, this
technique provides an enhanced discrimination of those vibra-
tion modes that selectively respond to the perturbation, being
thus of particular interest in the case of complex spectra
composed of many overlapped peaks.”®>* The 2D correlation
spectra (or 2D correlation contour maps) generated by cross-
correlation analysis of dynamic fluctuations of spectral signals
induced by an external stimulus—the synchronous and asyn-
chronous spectra—consist of two orthogonal components
defined by two independent wavenumbers (v1, v,). Each of
these 2D correlation spectra carries very distinct and useful
information: the synchronous 2D correlation spectrum (® (v,
v,)) represents the simultaneous (or coincidental) changes of
spectral intensities measured at ¥, and v, within the interval
between t,,;, and f,,, of the externally defined variable ¢, and
the asynchronous 2D correlation spectrum (1 (vy, v,))
represents sequential (or successive) changes of spectral inten-
sities measured at v; and v,. The FT-IR 2D correlation
spectroscopic analysis was carried out using the following procedure:

(a) The reference spectrum, (v), was subtracted from each
of the experimental spectra, (v, t), to obtain the dynamic
spectra, (v, t) (mean-centered procedure). 283132 1 the
present study, the reference spectrum, 5(v), was considered
as the t-averaged of y(v, t). The resulting mean-centered
dynamic spectra represent the relative variations of spectral
intensity as a function of the wavenumber, v, and for each
length of alkylene chain of the central spacer, S; (inducing
perturbation), of the C,,C,,C ¢ hybrids, represented by ¢ in
the variables just described.

(b) For the set of dynamic spectra, the 2D correlation spectra
were then obtained using a numerical computational
procedure based on a form of discrete Hilbert trans-
form, as described by Noda.”®*"** The synchronous 2D
correlation intensities were calculated by the following
equation:

®F,72) = —— ¥ y(71,4) 3 (7 5) (1)

n—1,2

The asynchronous 2D intensities were determined using the
following expression:

v = By X

1,5

k}’ VZ; tk

(2)

where Hj are the elements of the Hilbert—Noda transfor-
mation matrix, given by28,31,32

0 ifj =k

Hie ———  otherwise (3)
(k- )

10880 dx.doi.org/10.1021/jp2022902 |J. Phys. Chem. B 2011, 115, 10877-10891



The Journal of Physical Chemistry B

Here, v represents the IR wavenumber, and # is the total
number of dynamic spectra. All the calculations were
performed using a tailor-made code.*®

(c) On the basis of the proposed shading convention for 2D
correlation spectra,™ in the present data, the following color
convention was adopted: positive values in the synchro-
nous and asynchronous spectra are represented in red,
whereas negative values are represented in dark blue. The
data were analyzed on the basis of Noda’s rules.”**’
According to these rules, a positive cross-peak located
at coordinates (v;, v,) in a synchronous spectrum
(®(vy, v,) > 0) indicates that the intensity changes of
the autopeaks centered at (v,, v,) and (v,, v,) take place
in the same direction, that is, they either increase or
decrease. In contrast, a negative synchronous cross-peak
located at the same coordinates (® (v, v,) < 0) indicates
that the intensity changes of the respective autopeaks
occur in opposite directions, that is, while the change at
one of the spectral coordinates occurs in the increasing
direction, the change at the other spectral coordinate
occurs in the decreasing direction. In an asynchronous
spectrum, a positive cross-peak (1(vy, v,) > 0) indicates
that the spectral intensity change observed at v; occurs
predominantly before that observed at v, in the sequential
order of the change-inducing variable . A negative
asynchronous cross-peak (3 (vy, v,) < 0) indicates the
opposite. These rules apply only if the corresponding
synchronous cross-peaks at the same coordinates are
positive. Otherwise (i.e., if the synchronous cross-peaks
at the same coordinates are negative), the sequential order
of the events occurring at the two spectral coordinates
described above is reversed.

(d) The choice of the minimum threshold intensity level to
consider in a contour map is arbitrary, although critical. A
too high threshold may obscure or omit fine features of
the correlation spectrum, whereas a too low threshold
might overaccentuate noise and baseline distortions and
lead to the appearance of parasitic correlation peaks.”*%*'
In the present study, the minimum threshold considered was
5% of the maximum absolute value of the contour map.

Photoluminescence (PL): The PL spectra were recorded at
room temperature and at 12 K with a modular double grating
excitation spectrofluorimeter with a Triax 320 emission mono-
chromator (Fluorolog-3, Jobin Yvon-Spex Horiba Scientific)
coupled to a R928 Hamamatsu photomultiplier, using the front
face acquisition mode. The excitation source was a 450 W Xe arc
lamp. The emission spectra were corrected for detection and
optical spectral response of the spectrofluorimeter, and the
excitation spectra were corrected for the spectral distribu-
tion of the lamp intensity using a photodiode reference detector.
The lifetime measurements were acquired with the setup de-
scribed for the luminescence spectra using a pulsed Xe—Hg
lamp (6 us pulse at half width and 20—30 us tail). The absolute
emission quantum yields were measured at room temperature
using a quantum yield measurement system C9920—02 from
Hamamatsu with a 150 W xenon lamp coupled to a mono-
chromator for wavelength discrimination, an integrating sphere
as sample chamber, and a multichannel analyzer for signal
detection. Three measurements were made for each sample so
that the average value is reported. The method is accurate to
within 10%.

3. RESULTS AND DISCUSSION

The *°Si MAS NMR spectra of the C;(C, C; materials display
three broad signals centered at —47, —58, and —68 ppm (Figure
S1 and Table S1 of the Supporting Infomation) ascribed to T"
(C—Si(0Si)(OH),), T* (C—Si(0Si),(OH)), and T> (C—Si-
(OSi);) silicon sites, respectively. The condensation degrees
deduced (Table S1) are on the same order of maﬁnitude as those
reported previously for the lamellar L12 material *'>'* and more
recently for the sponge-like L12D material.'” These findings
suggest that in the C;(C,,C;o BSs, the siloxane framework is a 2D
network composed of linear polymer siloxane linkages. However,
the spectra of Figure S1 demonstrate that, although the dom-
inatin% silicon sites in the C,,C,.C, materials are T units, T*
and T~ type units are also present, revealing partial variation in
the siloxane linkages. The absence of Q type (SiO,) resonances
between —90 and —120 ppm in the **Si MAS NMR spectra (not
shown) is a proof of the preservation of the C—Si bonds in the
C10C,Cyo samples. The 3C CP/MAS NMR spectra of the
hybrid samples (Figure S2) also provide evidence of the pre-
servation of the Si—C bond (peak located at ~14 ppm) and also
prove that no cleavage of the functional groups of the precursor
molecule (i.e., central spacer alkylene chains, side spacer de-
cylene chains and urea cross-links) occurred during the synthesis
of the C1oC,Co BSs. The absence of the peaks characteristic of
ethoxyl carbon atoms at ~58 and 18 ppm demonstrate that the
hydrolysis reaction was complete.

Analysis of the SEM images reveals that the morphology of
C10C;Cyp is rather irregular (Figure 1a, b), whereas that of the
C10CoCio and C;pC1oCyp samples closely resembles that of
L12D."” Both materials form microobjects with a sponge-like
morphology (Figure 1c, e, respectively), consisting of very thin,
folded films assembled along an edge-to-face fashion (n = 9,
Figure 1d) or entangled folded ribbons (1 = 10, Figure 1f). In
C10C11C1o, the ribbons appear considerably more folded, form-
ing less-regular objects (Figure 1g, h). The process ends up in
C10C12Cyo with the production of 10-um-diameter, dense,
homogeneous spheroidal particles (Figure 1i), which tend to
link to each other (Figure 1j). The increasing contribution of the
folding process to which the thin films are subject in these
materials as the length of the central spacer increases is clearly
recognized in the TEM images shown in Figure 2. The intrinsic
ordered nanostructure of the films/ribbons is perfectly evident in
the case of samples with n = 9 (Figure 2b), n = 10 (Figure 2c, d)
and n = 12 (Figure 2h). Additional proofs of the organized
texture of C;9C;,Cyp and, in particular, C;oC;¢C;o have been
obtained by AFM upon scanning the surface of the samples in
tapping mode (Figure 3c, b, respectively). The 3D topographic
perspective of the BS with n = 10 is given in Figure S3. The
organization fashion observed in both samples is, however, less
well distinguishable in the case of the material with n = 9
(Figure 3a). The anisotropic nature of C;oC;oCjo is demon-
strated in the POM image recorded between crossed polarizers
(Figure S4). The exhibited birefringence indicates submicro-
metric anisotropy.

The XRD patterns of selected samples exhibit completely
different profiles in the high g range (¢ > 10 nm ") (Figure 4).
While the C;(C,C;( material produces a broad, ill-defined and
asymmetric peak centered at about 15 nm™', the intensity
maximum of the band is shifted to about 15.7 nm ™" for n = 9
and 11 and a shoulder is visible in the lower g side, especially in
the pattern of the former hybrid. In the case of the BS with the
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Figure 1. SEM images of the C;(C,C,o bridged silsesquioxanes with
n="7 (scale bars = 6 (a) and 1.20 um (b)), n =9 (scale bars = 12 (c) and
2 um (d)), n=10 (scale bars = 6 (e) and 1.20 um (f)), n = 11 (scale bars =
20 (g) and 2 um (h)), and n = 12 (scale bars = 30 (i) and 6 um (j)).

longest central spacer S; (C;0C1,Co) the band profile becomes
better resolved and two peaks centered at 14.7 and 162 nm ™" are
discerned (Figure 4). Curve-fitting of the band envelopes performed
between 12 and 19 nm ™' by means of Gaussian shapes allowed
us to identify four components in the XRD patterns of the
samples with n = 7, 9, 11, and 12. The component at lowest g,
centered at 13.54 nm™ '(d; = 0.464 nm), is attributed to the
separation between two neighboring urea groups of the urea—
urea hydrogen-bonded array.””~'” The characteristic compo-
nent associated with ordering within the siloxane domains is
centered at 14.65 nm ™' (d, = 0.429 nm)."* "7 The remaining
two components, centered at 15.85 nm ™' (d; = 0.392 nm) and
17.15n0m ' (d, = 0.366 nm), are ascribed to chain— chain spacings,
indicating the occurrence of gauche and all-trans conformers in
the alkylene chains, respectively.'>~"”

In the low q range (g < 10 nm '), the XRD patterns of the
C10C,,.Cy0 BSs display narrow peaks that correspond presumably
to the higher-order (i) harmonics of the fundamental reflection
located at g < 2 nm -t (Figure 4). This hypothesis is confirmed
by the presence of a weak and ill-defined peak at g ~ 1.47—
1.55 nm ™' in the SAXS patterns of the C;,C,,C; hybrids with
n =9, 10, and 12 reproduced in Figure Sa. Unfortunately, this
peak is masked by the intense scattering produced by the hybrid
particles. In fact, the linear dependency (slope close to —4)
observed in the low g region of the log—log plot depicted in the

Figure 2. TEM images of the C;oC,C;, bridged silsesquioxanes with
n =7 (a) scale bar = 173 nm; n = 9 (b) scale bar = 100 nm; n = 10 (c)
scale bar = 100 nm; and (d) Fast Fourier Transform image; n = 11 (e)
scale bar = 435 nm; n = 12 (f) scale bar = 1 um, (g) scale bar = 1 #m and
(h) scale bar = 100 nm.

inset of Figure Sa is in agreement with the Porod power law decay
expected for a two-phase system with a well-defined interface.
Thus, the two peaks at g > 1 nm ™" correspond to the reflections
of inner particles' crystalline structure.

The position of the higher-order Bragg peaks follows the
sequence characteristic of a lamellar structure in which the
interlamellar distance, |, is given by | = 2mi/q; (i = 1, 2, 3, ...).
The [ spacing values calculated on the basis of the SAXS data for
the C;oC,Cyo hybrids are 4.09 £ 0.01 nm for n = 9, 413 +
0.02 nm for n =10, and 4.24 = 0.02 nm for n = 12. The increase in
I with n supports that the length of the alkylene chains of the
central spacer is intimately correlated with the interlamellar
distance. This result allows inferring that the hybrids have a
lamellar structure composed of 2D siliceous domains separated
by the alkylene chains. Assuming an average C—C distance of
0.13 nm, the addition of 3 CH, groups to a nonylene chain would
be expected to result in an increment of ] equal to 0.39 nm, which
is considerably higher (it corresponds grosso modo to a 3-fold
increase) than the value found experimentally (4.24—4.09 =
0.15 nm).

In the graph of Figure Sb, the experimental | spacings are
compared with those calculated if the alkylene chains of the central
and side spacers (S, and S,, respectively) adopted exclusively
fully extended all-trans zigzag conformations. The trend observed
allows inferring that all-trans and gauche conformers coexist in the
three samples. We can further conclude from Figure Sb that there is
not a linear relationship between the increase of the length of the
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Figure 3. Plane AFM images of the C,oC,,C;, bridged silsesquioxanes
with n =9 (a), n = 10 (b), and n = 12 (c). Scale bars = 400 nm.

central spacer S; of C9CyCg, C10C;0Ci0, and C;¢C1,Cyp and
the deviation of the experimental [ values from those calculated
for perfect all-trans alkylene chains (Al'=0.59, 0.68, and 0.83 nm
for n = 9, 10, and 12, respectively). Therefore, it is clear that
upon introduction of more methylene groups into the central
spacer Sy, the proportion of gauche conformers increases, and the
alkylene chains become less well packed, a process that ultimately
leads to the compression of the siliceous layers.

On the basis of these data, it is reasonable to propose that the
alkylene chains of the C,,C,C,( samples with n =9, 10, and 12
are very likely not perpendicularly oriented with respect to the
2D siliceous layers. To determine the average coherence length,

Normalised Intensity

2 4 6 8 10 12 14 16 18 20 22
g/nm’"

Figure 4. XRD patterns of selected C;,C,C,, bridged silsesquioxanes.
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Figure 5. SAXS patterns of selected C;,C,,Cg bridged silsesquioxanes
(a), chain length dependence of the characteristic interlamellar distance,
I (left axis), and of the deviation of a complete all-trans conformations
situation (b). The lines drawn in panel b are just guides for the eyes.

L, of the lamellar order of the three hybrids examined by SAXS,
the integral breadth of the second-order diffraction peak
observed in the SAXS patterns (B) was corrected from the
instrumental broadening (b) by using a well-crystallized poly-
(oxyethylene)** as standard reference of experimental aberrations.
Assuming that the corrected integral breadth (B =B —b)>is
essentially due to the size effects, the coherence length of the
lamellar order, deduced by means of the Scherrer equation (L =
47/B),* was 105 £ 3 nm for C;0CoCyo and 33 & 2 nm for
samples with n = 10 and 12, respectively, corresponding to ~25 £ 1
and 8.0 &£ 0.7 lamellae, respectively.

Despite the conclusions retrieved from SAXS data, which
suggest the presence of almost completely stretched chains,
the absence of intramolecular cyclization cannot be discarded.
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However, if present, it must be negligible and the result of a side
reaction.

Valuable information regarding the conformational disorder
of the alkylene chains can be retrieved from the intense, broad,
and ill-defined peak that dominates the '*C CP/MAS NMR
spectra from 40 to 25 ppm (Figure S2). Two contributions at
~33 and 30 ppm are clearly discerned: the former resonance is
due to the carbon atoms of ordered and densely packed alkylene
chains in all-trans zigzag conformations, whereas the more
shielded signal is produced by the carbon atoms of disordered
chains adopting gauche conformations.**** The shoulder visi-
ble at ~35 ppm (especially detected in the spectra of the
C10C11C 1o material (Figure S2b) suggests that crystalline alky-
lene chains with different packing structures coexist in these
samples.*® Attempts to calculate the all-trans/gauche conforma-
tional ratio through curve-fitting of this broad, prominent peak
were not successful, and thus, any conclusions drawn from these
data were considered to be highly speculative. Comparison of
the peak profile of the C;,C,,C;o materials studied suggests that
the materials with even n appear to be more disordered than those
with odd n, corroborating the conclusions drawn from SAXS data.

To gain complementary insight into the degree of chain packing
and the trans/gauche conformational ratio in the C;0C,Ci
hybrid samples, we recorded the FT-IR and FT-Raman spectra
and examined the following diagnostic modes of the alkylene
chains: (1) the symmetric and asymmetric stretching CH, modes
(v,CH, and v,CH,, respectively) and (2) the CH, bending
(0CH,) mode.

The location and intensity of the ¥;CH, mode is complicated
due to Fermi resonance between the v,CH, fundamental with
the many overtones of the 0CH, vibrations.>*** The v,CH,
mode is affected by coupling to the torsional and rotational
motions of the chain.*®* ** In the Raman spectrum of ordered
alkyl chains (all-trans conformations), the ¥,CH, mode emerges
as a strong band in the 2884—2878 cm ™" interval, whereas the
v,CH, mode produces bands at 2930 (weak), 2900—2898
(medium), and 2850—2844 cm ™" (strong).38742 In the case of
disordered alkylene chains (gauche conformations), the ¥,CH,
mode appears at 2897—2890 cm ', and the ¥.CH, bands are
typically seen at 2920 (weak), 2904 (medium), and 2858—
2853 cm ™' (strong).*®*"** Up-shifting and band-broadening
are indicative of an increasing proportion of gauche conformers.

The inspection of the dCH, region is of interest, since the
frequency, intensity and band shape of the 0CH, mode are
sensitive to interchain interaction and to the packing arrangement of
the chains.>>* A higher frequency (~1472 cm™ ') in the IR spectra
indicates ordering of the alkylene chains in all-trans conformations
(crystalline state), whereas lower frequency (~1466 cm™ '), band
broadening, and decreasing intensity indicate an increase in chain
motion (liquid-like state) and, therefore, a larger gauche/trans
conformer ratio.*

The FT-Raman spectra of the C;,C,C;o samples with even
n and odd n in the ¥CH, region (depicted in Figure SSa,b,
respectivel?f) are dominated by two bands at 2885 (very strong, vS)/
2857 cm”  (strong, S) and 2884 (vS) /2858 cm” ' (S), respectively.
In both cases, an intense event, manifested as a shoulder and
located at 2850 and 2848 cm ™, respectively, is discerned (Figure
SSa,b, respectively). The features at ~288S and 2850 cm ™~ are
attributed to the v,CH, and ¥;CH, modes of all-trans conformers of
the alkylene chains.”*~* The component at ~2858 cm ™", also
associated with the ¥,CH, mode, is characteristic of gauche
conformers.*”** The peak height ratio (r) of the ¥,CH, and

v,CH, bands is a valuable tool to determine the conformational
disorder of the alkylene chains and their packing arrangement.””
High values (1.61—1.72) are produced by crystalline alkylene
chains, whereas chains in the amorphous state give rise to values
that range from 1.39 to 1.48.>’ The dependence of the intensity
ratio r = Igg5/lhg50 with the number of carbon atoms of the
alkylene chains of the central spacer S; of the C;(C,,C;o materials
is represented in Figure 7. The trend observed suggests that all
the alkylene chains of the C,,C,C o sample (i.e., the chains of the
side spacers S, and that of the central spacer S;) are completely
disordered and, consequently, adopt gauche conformations. It
may be further inferred from the plot of Figure 7 that in hybrids
with a longer central spacer S; (n > 7) the proportion of fully
stretched and densely packed alkylene chains (all-trans con-
formers) is enhanced considerably. In C;,CoCq, the value
attained for r practically coincides with the minimum value
reported for solid n-alkanes, suggesting that the presence of
two decylene side chains and one central nonylene chain
promotes the highest degree of order and the tightest packing.
In addition, these data also point out that samples with n = 10, 11,
and 12 contain more gauche conformers than C;,CoC1o.

The bands centered at ~1479 and 1466 cm ™' in the 0CH,
region of the FT-IR spectra of the C,(,C,C;o hybrids (Figure S6)
reveal the occurrence of ordered and disordered alkylene chains
and, thus, the coexistence of all-trans and gauche conformers.*>**
The band at ~1440 cm ' discerned in the same spectra
represents further evidence of the existence of gauche bonds.*>*°
Interestingly, it can be inferred from the comparison between
parts a and b of Figure S6 that the SCH, mode is sensitive to the
parity of the number of carbon atoms of the alkylene chain of the
central spacer. Although the C,(C,,C, hybrids with odd # display
a shoulder at ~1460 cm ™' (Figure S6b), such an event is, however,
absent in the case of the samples with even n (Figure S6a). A similar
effect was reported for the parent lamellar L8—L12 materials."®

The FT-IR spectroscopic data were also employed to get
insight into the extent and strength of hydrogen bonding in the
C10C,Cp diurea cross-linked BSs. This sort of information is
fundamental to characterize this class of hybrids, since it has been
extensively recognized'>'>*” that hydrogen bonding interactions
between the urea groups play a key role, together with van der
Waals interactions between the alkylene chains, in the self-assembly
process and ultimately in the structuring of the materials.

Recently, we demonstrated that in L12, all the urea groups
present are involved in the formation of an array of strong
urea—urea hydrogen-bonded associations that extends throughout
the material."> This is not surprising, considering that urea
groups are known to produce impressive self-assembly effects
(e.g., excellent gelling properties*®*”). This unusual behavior is
intimately associated with the particular geometry of the urea
moiety. Indeed, the C=0O group (hydrogen acceptor) of a urea
group may form two hydrogen bonds with the pair of N—H
groups (hydrogen donors) of a neighbor urea group, thus
forming highly directional planar bifurcated hydrogen bonds.*
For the reasons presented, we decided to inspect the spectral
signature of the C;oC,Cyq silsesquioxanes in the “amide I”
(1700—1600 cm ™) and “amide II” (1600—1500 cm ") regions
of the FT-IR spectra.®' >

The “amide I” and “amide II” modes correspond to the amide I
and amide II modes of amides.*® The amide I mode receives a
major contribution from the C=O stretching vibration and is
sensitive to the specificity and magnitude of hydrogen bonding.
Usually, the amide I band is manifested as a broad envelope
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Figure 6. Full view of the pseudo-3D stacked trace representation of the synchronous (a) and asynchronous (b) 2D FT-IR correlation spectra of the

C10C,,C bridged silsesquioxanes in the 1700—1475 cm ™! region.

composed of several components that represent different C=0O
environments (aggregates). The lower their wavenumber, the
stronger the corresponding hydrogen bonds will be. The amide II
mode contains a major contribution from the N—H in-plane
bending vibration. It is sensitive to chain conformation and inter-
molecular hydrogen bonding, providing rich information about
the distribution of hydrogen bond strengths.>' Amide II compo-
nents with higher wavenumbers are correlated with stronger
hydrogen bonds.

Because curve-fitting of the “amide I” and “amide II” bands of
the C;oC,,C;o hybrids was not straightforward due to the breadth
of the band envelopes and the presence of multiple overlapped
components (Figure S7), we decided to employ 2D correlation
spectroscopic analysis.”® This approach has been successfully
used by many authors to elucidate hydrogen bonding interac-
tions in various sorts of systems.””>* >* Figures 8 and 9 show the
contour map representations of the synchronous and asynchro-
nous 2D correlation spectra, respectively, of the C,,C,C
hybrids in the spectral region between 1700 and 1475 cm ™.
The corresponding pseudo-3D stacked trace representations are
reproduced in Figure 6a and b, respectively. The spectral
coordinates of the synchronous autopeaks and the spectral
coordinates and signs of the synchronous cross-peaks are listed
in Table 1. The spectral coordinates of the asynchronous cross-
peaks and the order of events are listed in Table 2. Prior to
discussing the 2D FT-IR results of the C;,C,C;o BSs, it
is fundamental to mention that the “amide I” band of the
related L12 material was decomposed into three components
situated at 1668, 1645, and 1624 cm ', assigned to the
absorption of C=O groups included in ordered hydrogen-
bonded urea—urea aggregates of increasing strength."
Henceforth, these aggregates will be designated as aggregates I,
II, and III, respectively

The synchronous map of the C,(C,,C;o samples is dominated
by a very strong autopeak, A4(1620 cm™ ', 1620 cm ') (Figures 6a
and 8), associated with an “amide I” vibration mode, demonstrating

1.7

souey[e-u pIjos

souey[e-u pibiy

Figure 7. Dependence of the ratio r (with r= 2885 cm™ /2850 cm ') with
the length of the central spacer S; in the C,,C,C,, bridged silsesquioxanes.

that highly ordered and very strong hydrogen-bonded aggregates
II1" are rapidly formed as a consequence of the incorporation
of an increasing number of methylene groups into the alkylene
chain of the central spacer, S;. A stron% autopeak, A3, also develops
at coordinates (1583, 1583 cm™ ') (Figures 6a and 8 and
Table 1), clearly pointing out that this “amide II” band undergoes
prominent changes under the same chemical perturbation.

Autopeaks A4 and A3 are strongly correlated, as demonstrated
by the high correlation intensity levels exhibited by the corre-
sponding cross-peaks B2 (1620, 1583 cm ') and B2’ (1583,
1620 cm V) (Figures 6a and 8). Their positive signs indicate that
the intensity variation (vide intensity increase) of the bands at
1620 and 1583 cm ™' induced by the increase in the length of the
central spacer S takes place in the same direction. The set of
autopeaks Al (1506, 1506 cm ™ '), A2 (1541, 1541 cm ™ '), and
AS (1668, 1668 cm™ ') are considerably weaker than autopeaks
A4 and A3 (Figures 6a and 8 and Table 1).
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Figure 8. Contour map of the synchronous 2D FT-IR correlation spectra of the C;,C,C, bridged silsesquioxanes in the 1780—1480 cm ! region.

It is noteworthy that the weakest autopeak Al is synchro-
nously correlated with the strongest one (i.e.,, A4), giving rise to
the emergence of two relatively intense negative cross-peaks C3
(1620, 1506 cm ") and C3' (1506, 1620 cm ™ '). The situation is
still more marked in the case of the synchronously correlated
autopeaks A2 and A4, which lead to a pair of even stronger
negative cross-peaks, C4 (1620, 1541 cm™ ') and C4' (1541,
1620 cm ™).

These results allow inferring that the intensity increase in the 1620
and 1583 cm ™' bands is accompanied by the decrease in the intensity
of the 1541 and 1506 cm ™" “amide II” features. The intensity growth
of the 1583 cm ™" band at the expense of the intensity decrease in
the other two “amide II” events at 1541 and 1506 cm ™ " is consistent
with the formation of stronger hydrogen bonds.>***

The sign of the pairs of cross-peaks CS (1668, 1583 cm™ ")/
Cs' (1583, 1668 cm '), C6 (1668, 1620 cm ')/C6’ (1620,
1668 cm™ ') and B3 (1668, 1506 cm™ ') /B3’ (1506, 1668 cm ™ ')
represents additional evidence of this claim. The negative signs of
CS/CS' and C6/C6’ indicate that an intensity decrease in the
1668 cm™ ' “amide I” band, related to the weakest hydrogen-
bonded aggregates I,"S results in the central spacer S; becomes
longer. This conclusion is, in turn, in perfect agreement with the
positive sign of the cross-peak B3/B3’, which points out that an
intensity reduction of the 1506 cm ™' “amide IT” band, ascribed to
the weakest hydrogen bonds found in the samples examined,
occurs in parallel.

The resolution enhancement provided by asynchronous 2D
correlation spectra and its ability to discriminate overlapped bands is
evident in the asynchronous 2D contour map of the C;,C,C1o
BSs reproduced in Figures 6b and 9. The generated contour map

exhibits three intense positive cross-peaks, S1 (1506, 1620 cm™ "),
S2 (1541, 1620 cm™ '), and S5 (1609, 1620 cm '), and three
intense negative cross-peaks, S3 (1583, 1668 cm™ '), S4 (1583,
1609 cm ™), and S6 (1620, 1668 cm™ ") (Table 2). This plot
reveals interesting facts. Two bands, not detected in the syn-
chronous 2D contour map (Figures 6a and 8 and Table 1) are
now evident at 1616 and 1609 cm ™" (Figures 6b and 9). In the
present discussion, we will assume that the former band probably
corresponds to that located at 1620 cm ™" in the synchronous 2D
contour map. Furthermore, we will consider that the band at
1609 cm ™' is very likely a band masked by the strong band
centered at 1620 cm™". Indeed, close analysis of the “amide I”
band profile shown in Figure S7 allows detecting a shoulder in
the raw spectra. This event will be associated with the occurrence
of a hydrogen-bonded urea—urea aggregate stronger than ag-
gregate III. This new aggregate will be identified as aggregate IV.
These results may be interpreted as an indication that the “amide
I” and “amide II” regions may be resolved into six components
located at ~1668, 1620, 1609, 1583, 1541, and 1506 cm .
Considering the signs of the cross-peaks that develop in the
synchronous and asynchronous contour maps and on the basis of
Noda’s rule,”®*” two major conclusions regarding the sequential
order of events that take place in the C;,C,C;o bridged silses-
quioxanes as the number of methylene groups of the central
spacer S, is increased may be drawn (Table 2): (1) the formation
of aggregate IV (1609 cm ™ ') precedes that of aggregate III
(1620 cmfl) ,and (2) aggregate III is formed prior to aggregate
I (1668 cm™").

In an attempt to elucidate the relationship between the
photoluminescence features and the length of the side spacers
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Figure 9. Contour map of the asynchronous 2D FT-IR correlation spectra of the C;,C,C,( bridged silsesquioxanes in the 1780—1480 cm ! region.

Table 1. Coordinates of the Synchronous Auto-Peaks and Coordinates and Signs of the Synchronous Cross-Peaks of the “Amide
I” and “Amide II” Regions of the C,;(,C,C,, Bridged Silsesquioxanes”

synchronous peaks ® (v, v,)

cross-peaks (V; # v,)

autopeaks (v, = ,)

Al (1506, 1506)
A2 (1541, 1541)
A3 (1583, 1583)
A4 (1620, 1620)
AS (1668, 1668)

positive negative

B1 (1541, 1506)/B1’ (1506, 1541)
B2 (1620, 1583)/B2’ (1583, 1620)
B3 (1668, 1541)/B3’ (1541, 1668)
B4 (1668, 1506)/B4’ (1506, 1668)

C1 (1583, 1506)/C1’ (1506, 1583)
C2 (1583, 1541)/C2’ (1541, 1583)
C3 (1620, 1506)/C3’ (1506, 1620)
C4 (1620, 1541)/C4’ (1541, 1620)

C5 (1668, 1583)/CS' (1583, 1668)
C6 (1668, 1620)/C6' (1620, 1668)

“Wavenumbers in cm ™', Ten synchronous correlation squares can be constructed by linking (1) auto-peaks Al and A2 with the positive cross-peaks B1
and B1'; (2) auto-peaks Al and A3 with the negative cross-peaks C1 and C1’; (3) auto-peaks Al and A4 with the negative cross-peaks C3 and C3';
(4) auto-peaks A2 and A3 with the negative cross-peaks C2 and C2’; (S) auto-peaks Al and AS with the positive cross-peaks B4 and B4’; (6) auto-peaks
A2 and A4 with the negative cross-peaks C4 and C4’; (7) auto-peaks A2 and AS with the positive cross-peaks B3 and B3'; (8) auto-peaks A3 and A4 with
the positive cross-peaks B2 and B2’; (9) auto-peaks A3 and AS with the negative cross-peaks C5 and CS5'; (10) auto-peaks A4 and AS with the negative
cross-peaks C6 and C6'. The positive signs of the cross-peaks Bi (i = 1 —4) indicate that the intensity variations of the two peaks at v; and v, induced by
the increase of the length of the central spacer S, take place in the same direction. In contrast, the negative sign of the cross-peaks Cj (j = 1—6) under the
same chemical perturbation indicate that the intensity variations of the two peaks at v and v, change in opposite directions. These data allow concluding
that there is a synchronous correlation between (1) the 1506 cm™ ' “amide II” band and the 1542 and 1583 cm ™" “amide II” bands and also with the 1668
and 1621 cm ™" “amide I” bands; (2) the “amide II” band at 1542 cm™ " and the “amide II” band at 1583 cm™ ' and the “amide I” bands at 1621 and

1669 cm™%; (3) the “amide II” band at 1583 cm ™"

and the “amide I” bands at 1621 and 1669 cm ™.

in alkylene-based BSs, we decided to examine the emission and

excitation spectra of the C;(C,C;o materials.

Figure 10 shows the emission spectra under UV excitation
recorded for a selected sample, the amorphous C;,C,C; hybrid.

The spectra are formed of a large Gaussian-shaped broad band
between 320 and 520 nm. Increasing the excitation wavelength
from 280 to 320 nm induces an increase in the relative intensity
of the high wavelength side of the spectra. The emission features
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Table 2. Coordinates and Signs of Asynchronous Cross-
Peaks of the “Amide I” and “Amide II” Regions of the
C10C,Co Bridged Silsesquioxanes and Order of Events”

sign

asynchronous

cross-peak ¥ (1, V,) synchronous @ asynchronous 1 order of events

S1 (1506, 1620) - 1620 — 1506
S2 (1541, 1620) - 1620 — 1541
S3 (1583, 1668) - - 1583 — 1668
S4 (1583, 1609) + - 1609 — 1583
S5 (1609, 1620) + + 1609 — 1620
S6 (1620, 1668) - - 1620 — 1668

1 » .
“Wavenumbers in cm™ ; — means “before”. The sequential order of the

events will be 1609 — 1620 — 1668 cm ™ *; 1620 — 1506 cm ™~ *; 1620 —
1541 cm™%; 1583 — 1668 cm ™ ..
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Figure 10. Room temperature emission spectra excited at (1) 280,
(2) 300, and (3) 320 nm for the C,oC,C, bridged silsesquioxane. The
inset shows the room temperature excitation spectra monitored at

(4) 312, (5) 330, and (6) 360 nm.

are almost independent of the length of the central alkylene
spacer S; (n =7,9—12) (Figure S8). Interestingly, these spectra
are very similar to those reported for the P12-derived A12'¢
hybrid (inset of Figure S8), despite not only the longer side spacers
S, of C19C,Cyo BS but also the different synthetic conditions
used. Similar emission features were also observed and exten-
sively detailed for amorphous analogous hybrids incorgorating
propylene-based side spacers, such as the diureasils, 90 the
diurethanesils,®’ and the mono-*?and di-** amidosils, being ascribed
to the overlap of two distinct emissions mediated by donor—acceptor
pair transitions that occur within the urea, urethane, or amide
cross-linkages, respectively, and within the siliceous skeleton due
to the presence of oxygen-related defects.””*

These two emission components were clearly identified through
time-resolved spectroscopy. Figure 11 shows the emission
spectra of C,(C;,C o acquired for distinct starting delay (SD)
values under 365 nm excitation wavelength. For SD values smaller
than 5.00 ms, the spectra unambiguously display two bands
around 427 (marked with an arrow in Figure 11) and 500 nm,
previously ascribed to electron—hole recombination occurring
in the siliceous domains and in the urea cross-linkages,
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Figure 11. (a) Low-temperature (12 K) time-resolved emission spectra
of the C;(C,,C, bridged silsesquioxane excited at 365 nm acquired
under different starting delay values: (1) 0.0S, (2) 1.00, (3) 5.00, and
(4) 20.00 ms. The integration window was 20.00 ms. Emission decay
curves monitored at (b) 427 and (c) 505 nm excited at 365 nm; the solid
lines represent the data best fit using a single exponential function.

respectively.”%® At higher SD values, only the long-lived
urea-related component could be observed. To detail the
time scale behind each component, lifetime measurements
were performed by monitoring the emission decay curves at 427
and 500 nm. Both decay curves are modeled by a single exponential
function, yielding lifetime values of 3.4 &£ 0.2 and 42.7 & 4.0 ms for
the siliceous and urea-related components, respectively.

Although the lifetime value of the siliceous-related component
resembles that acquired for the diureasils, the urea-related life-
time value is substantially smaller (3.5 & 0.2 and 160.0 & 8.0 ms,
respectively™). Energy transfer between these two distinct emitting
centers was quantitatively estimated for the diureasil host with
the smallest number of polymer repeat units (d-U(600)) yielding
rate values of 1.3 x 10” s~ (dipole—dipole mechanism) and
3.7 x 10%s~ " (exchange process).”* Because these energy transfer
rates strongly depend on the distance between the two emitting
centers, the similar lifetimes of the siliceous-related component
in the long-chain analogue d-U(2000) and C,,C,;C;, suggest a
similar average distance between the siliceous domains and the
urea cross-links, indicating that the side spacers in C;oC;;Cio
most probably adopt gauche conformations. Furthermore, the
4-fold increase of the radiative transition decay rate (inverse of
the lifetime at 10 K) in C;oC;,C;o relative to d-U(2000) is
probably associated with the increasing vibronic—spin—orbit
interaction® due to a distinct distribution of hydrogen bonds
induced by the increase in the length of the side spacers. The
latter result proves that the emission features of the urea-related
component of diurea-cross-linked BSs are sensitive to the length
of the side spacers (we recall that there are only three methylene
groups in the side spacers of the diureasils versus 10 methylene
groups in those of the C,,C,Co hybrids).

The typical excitation spectra monitored within the emission
band in Figure 10 shows a broad band peaking at 280 nm, whose
peak position and full-width-at-half-maximum (fwhm) deviates
toward the red as the monitoring wavelength increases (inset in
Figure 10). Similarly to the situation found for the emission data,
these excitation spectra are identical to those monitored for the
A12' hybrid. The high- and low-energy side were attributed
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to the preferential excitation of the siliceous- and urea-related
emission®”*® Apart from an increase in the relative intensity of
the high-wavelength side of the emission spectra, those acquired
at 12 K (Figure S9) resemble those measured at room tempera-
ture (Figure 10).

The absolute emission quantum yield was acquired under the
excitation wavelength that maximizes the emission features (i.e.,
280 nm). For higher excitation wavelengths (330—350 nm) the
quantum yield values are below 0.01. The quantum yield values
are poorly affected by changes in the alkylene chain lengths, being
0.07 £ 0.01 and 0.06 = 0.01 for the C,,C, C,, samples with n =7
and 11, respectively. These are considerably smaller than those
reported for the P12-derived hybrids, namely, the lamellar L12,
and for the amorphous A12 with quantum yield values of 0.14 &
0.01'° and 0.24 % 0.02,° respectively, both excited at 290 nm.
The latter was the maximum value measured for this type of
material. Nevertheless, it should be noted that the photolumi-
nescence measurements and the quantum yield values of A12 are
time-dependent. Upon aging at ambient atmosphere, the quan-
tum yield value decreased ~2.5 times. The photoluminescence
data and quantum yield values reported here for the C;,C,Co
BSs do not show any variation in the same period of time. We
should also emphasize that the above-mentioned quantum yield
values resemble the maximum values measured for diureasil
hybrids (0.07—0.09 = 0.01) under longer excitation wavelengths
(360—400 nm).*’

Il CONCLUSIONS

In the present work, a novel series of hybrids, represented by
the notation C;oC,C;o, were prepared from silsesquioxane
precursors, including decylene chains as side spacers and alkylene
chains containing 7, 9, 10, 11, or 12 methylene groups as the central
spacer. The main goal of the present study was to evaluate the
influence of the length of the side spacers on the morphology and
structure of alkylene-based BS hybrid materials.

The SEM images provided evidence that the morphology the
C10C,,.Cyo samples, ranging from irregular micro-objects to dense
spheroidal microparticles, clearly differs from the platelet-like
morphology of the L8—12 samples,'®~"” but resembles closely
that of the L12D material.'” In particular, the characteristic
L12D microsphere-like morphology mimicking sea sponges, in
which thin, folded films assemble along an edge-to-face fashion,
was especially recognized in C;oCoC;0. Taking into account that
the same synthetic procedure (HCl-catalyzed hydrolytic route in
the presence of a large volume of DMSO) was employed to
produce L12D and the C;0C,C;( hybrids, we believe that the
morphological similarity found is a consequence of solvent
polarity effects."”

The lamellar structure of all the C;4C,C;o samples investi-
gated was evidenced by XRD and SAXS. The lamellae are
arranged along a structure composed of 2D siliceous domains
separated by nonperpendicularly oriented alkylene chains con-
taining variable amounts of trans and gauche conformers. SAXS,
3C CP/MAS NMR, FT-IR, and FT-Raman spectroscopic data
demonstrated that, although the alkylene chains of the side
and central spacers of C;,C,C;¢ are completely disordered, in
samples with a longer central spacer, S;, the proportion of fully
stretched and densely packed alkylene chains (all-trans con-
formers) is enhanced significantly. The highest degree of order
and tightest packing are attained for n = 9. This structuring
trend contrasts markedly with that observed in the case of the Ln

family'* for which the degree of order increases with an increase in
the number of methylene groups in the central spacer, provided
that at least eight methylene groups are present in the alkylene
chains.

For the first time, a 2D correlation FT-IR spectroscopic
analysis has been performed on the “amide I” and “amide II”
bands of BS hybrids, such as the C;,C,,C;o materials. It allowed
us to conclude that the replacement of the side propylene chains
by decylene chains deeply influenced the strength and extent of
the urea—urea hydrogen-bonded array. New highly ordered
hydrogen-bonded aggregates (so-called aggregates IV), stronger
than those found in L12"° (aggregates I, IT and III), are formed.
Moreover, in the C;oC,C;o series, no aggregates II were
detected."® The formation of aggregates IV occurs prior to that
of aggregates III. Aggregates I are formed last.

The emission spectra of selected C;oC,C;o samples are
practically independent of the length of the central alkylene
spacer and similar to those reported for hybrid materials contain-
ing propylene side spacers, such as the nonstructured BS A12,'¢
the diureasils,>”° the diurethanesils,® the diamidosils,®> and the
structured lamellar bilayer monoamidosils.®> The emission is
ascribed to the overlap of two distinct components that occur
within the urea, urethane, and amide cross-linkages in the case of
the diureasils, diurethanesils, and amidosils, respectively, and
within the siliceous nanodomains. Time-resolved spectroscopic
data has enabled us to demonstrate for the first time that the
emission features of the urea-related component of the emission
of diurea cross-linked BSs depend critically on the length of the
alkylene-based side spacers. It also allowed us to infer that the
average distance between the siliceous regions and the urea cross-
links is practically the same in BSs, including propylene- and
decylene-based side chains, suggesting that the longer chains
adopt gauche conformations.

The excitation spectra of the C;(C,,C;o hybrids resemble that
of A12.'® However, although the lifetime value of the siliceous-
related component resembles that acquired for the diureasils, the
urea-related lifetime value is substantially smaller, providing
evidence of the crucial role played by the longer side spacers
on the dynamics of the two distinct emissions.

The absolute emission quantum yield of C;oC;;Cjy is consider-
ably smaller than the highest value reported for the P12-derived
materials (A12), but, unlike the latter BS, it is time-independent.
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