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Organic-inorganic hybrids have found increasing applications for thermal management across vari-
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ous disciplines. Such materials can achieve thermal conductivities below the so-called “amorphous

limit" of their constituents’ thermal conductivity. Despite their technological significance, a com-
plete understanding of the origins of this thermal conductivity reduction remains elusive in these
materials. In this paper, we develop a prototypical cross-linked organic-inorganic layered system, to

investigate the spectral origins of its sub-amorphous thermal conductivity. Initially, we study the

atomic structure of the model and find that besides polymer chain length, the relative drift of the

layers governs the reduction in computed basal spacing, in agreement with experimental measure-

ments. We, subsequently, find that organic cross-linking results in up to 40% reduction in thermal
conductivity compared to inorganic samples. An in-depth investigation of vibrational modes reveals
that this reduction is the result of reduced mode diffusivities, which in turn is a consequence of
a vibrational mismatch between the organic and inorganic constituents. We also show that the
contribution of propagating modes to the total thermal conductivity is not affected by organic cross-
linking. Our approach paves the path toward a physics-informed analysis and design of a wide range

of multifunctional hybrid nanomaterials for thermal management applications among others.

1 Introduction

Organic-inorganic hybrids have found impressively diverse appli-
cations in a broad range of industries from electronics to sepa-
ration technologies.! They are used in fuel/solar cells2, photo-
electrochemical water splitting 3, water treatment and separation
processes?, Li-batteries>, and thermoelectric energy conversion®
to name just a few (see Mir et al. for a recent review’). Re-
cently a broad categorization of such materials has been proposed
where organics-in-inorganics hybrids (inorganic materials modi-
fied by organic moieties) are distinguished from inorganics-in-
organics materials (organic materials or matrices modified by in-
organic constituents) &. Such hybrid materials can also be tailored
for thermal applications for instance in building thermal insula-
tion®10, oil wells!! or pipelines 213 in permafrost regions, and
thermal barrier coatings'4. What makes such materials particu-
larly attractive for thermal management is that we can achieve
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thermal conductivities lower than the amorphous limit 1717 set
by their constituents (e.g., silicates and polymers) 18:19,

Such exotic reduction in thermal conductivities is intimately re-
lated to the presence of nanoscale interfaces between dissimilar
constituents regardless of whether they have a layered nanostruc-
ture or not. For instance, a significant reduction in thermal con-
ductivity of amorphous silicon/germanium superlattices can be
achieved due to the Kapitza resistance at the interface between
the two constituent layers®0. Similarly, Au-Si superlattices can
also be tailored to achieve ultralow thermal conductivity2!. Such
effects have also been observed when dispersing silicon nanopar-
ticles in polystyrene matrix2223,

An important category of hybrid materials that remains less
explored (regarding both atomic structure and thermal conduc-
tivity) is cross-linked layered organic-inorganic hybrids. Cross-
linking inorganic surfaces at the nanoscale remains experimen-
tally challenging242°. Currently, it is achieved by methods such
as atomic/molecular layer depositionZ® or electrohydrodynam-
ics27. Only recently, covalent cross-linking of calcium-silicate-
hydrate layers was achieved using dipodal organosilanes via a
sol-gel chemistry technique?®. Few studies in the literature ad-
dress thermal conductivity of such materials. Liu et al.2 mea-
sured cross-plane thermal conductivity and volumetric heat ca-
pacity for zincone thin films prepared by atomic/molecular layer
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deposition techniques. Similar results were found by Giri et al.
for TiO, and ZnO based superlattices with periodic inclusion of
organic hydroquinone layers3?. Losego et al.3! were also able
to utilize a simple self-assembly approach to synthesize organ-
oclay nanocomposites and measure their thermal conductivities
using time-domain thermoreflectance. On the atomistic simu-
lation front, recently, Qian et al.32 developed a force field for
organic-inorganic hybrid systems ( —ZnTe(en), 5) and calculated
their thermal conductivity using equilibrium molecular dynam-
ics. A common result among such studies is the low/ultra-low
thermal conductivities observed in hybrid materials compared to
their constituents. Furthermore, the reason for this reduction is
commonly attributed to the fact that interfaces impede phonon
transport, but a quantitative physics-based clarification of the ori-
gins of this reduction seems to be missing. This motivates an
in-depth investigation of modal heat transport and characteriza-
tion of modal vibrations in cross-linked organic-inorganic hybrid
materials.

Our objectives in this paper can be stated broadly as: 1- Con-
struction of a model cross-linked organic-inorganic hybrid ma-
terial and understanding its structural features through free en-
ergy calculations. 2- Investigating the impact of organic inclu-
sion on thermal conductivities. 3- Explaining the observed con-
ductivity values through a comprehensive modal analysis. We
have chosen 11 Atobermorite (TB) as our base inorganic mate-
rial. Dipodal organosilanes with different lengths are grafted to
opposing surfaces of TB layers to construct cross-linked organic-
inorganic hybrids (XTB). This model only serves as a prototype
for this class of layered organic-inorganic hybrids. Using molec-
ular dynamics simulations, we first investigate variations in the
basal spacing of hybrid samples with different grafting density
and polymer length. Guided by potential-of-mean-force (PMF)
calculations, we show that the drift of inorganic layers is the
main reason behind the reduction in the basal spacing in hybrid
samples at low grafting densities. Next, we use the fluctuation-
dissipation theorem-based Green-Kubo approach to calculate the
thermal conductivities from equilibrium simulations and show a
reduction of up to 40% in heat conductivities in hybrid materials.
To further understand the origins of this reduction, a full modal
analysis is performed. We use a comprehensive and complemen-
tary set of computational techniques to characterize and catego-
rize all vibration modes. We demonstrate that reduced mode dif-
fusivities are the main cause of diminished thermal conductivities
in our hybrid system (i.e. cross-linked tobermorite or XTB).

2  Methods

To construct the cross-linked models, we start from the struc-
ture of 11 A tobermorite derived by Hamid33. Organosilanes
with formulas (CH,),(SiO3), with n =2,4,...,12 are grafted to
tobermorite surfaces by substituting two bridging sites with each
silicate tetrahedra in the organic molecule. Currently, several
force fields are available for modeling inorganic C-S-H (e.g.
CSHFF3435 CementFF, etc.3). Moreover, there are force fields
that focus on modeling organic/bio compounds (e.g. CVFF37 and
PCFF38), However, due to the presence of organic-inorganic in-
terfaces in our systems, we have chosen the INTERFACE force
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field3°. The parameters used in this study are an extension
of CVFF for tobermorite minerals. After the model setup, we
run molecular dynamics simulations in the NPT ensemble in
LAMMPS“0 to equilibrate the system. Nosé-Hoover thermostat
and barostat4! with a time step of 1fs were used for sampling in
the NPT ensemble. The basal spacing can be obtained from the
ensemble average of the z component of the cell vector. For free
energy calculations, we put the same number of organosilanes
present in the composite samples on a regular grid. The distance
between the center of mass of silica tetrahedra is taken as the col-
lective variable (CV), A. The potential-of-mean-force (PMF) for
this CV is calculated by integrating the mean force, as follows*2:

A
AR == [ (Feo)as M

min

The thermal conductivity tensor is computed using the so-
called Green-Kubo formalism:

14

K= —
kpT?

[ @) a @
where J is the heat flux vector, kg is the Boltzmann factor, T
is temperature and V is the simulation cell volume. See Qomi
et al.*3 for more details. Vibrational density of states (VDoS),
g(w), is computed from the Fourier transform of velocity auto-

correlation function as#4:
1 u it
—_ . . . . l
g(w) = N jz 1m,/ (vj(t)-vj(0))e' dr 3)

where N is the number of atoms, m; and v; are mass and velocity
vector of atom j, respectively.

To study the mode localization, i.e. the spatial extent at which
atoms are involved in a given vibrational mode, we calculate the
participation ratio*® for each eigenvector j:

: 1
Ple @
NZ?’:] le] |4

where 8{ is the polarization vector of atom i in mode j, while
v, \sl] |> = 1. While the participation ratio of 1 means all atoms
participate in a given mode, a P value close to zero means the
mode is localized to a small group of atoms#®. A threshold can
be set such that modes with a small P value can be designated as
a localized mode.

Characterizing phonon-like propagating modes in amorphous
materials is more challenging than detecting localized modes.
Usually, the structure factor is employed for this purpose 7. How-
ever, it is not clear how this can be applied in an anisotropic
and inhomogeneous setting such as hybrid materials. Recently,
an ad-hoc formula has been proposed for computing a quantity
called “eigenvector periodicity", which reportedly helps with dis-
tinguishing propagons“®. Here, we propose a method based on
a direct discrete Fourier transform of normalized eigenvectors.
This is similar, in spirit, to the work of Kaya et al.*° carried out
on disordered colloidal solids. For each vector in the k-space grid
(generated compatible with the periodicity of the simulation box
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Fig. 1 Structural results after relaxation (a) Variation of basal spacing as a function of grafting percentage and polymer length (Experimental results
after Moshiri et al.28). (b-e) relaxed structures corresponding to the circled points on the plot.

and interatomic distances), we then have:

ey (rj)e %] )
1
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7ll) = |
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J

where 8 is the & component of polarlzatlon vector of atom j
and k, is rth wavevector in k-space and y¥(k,) is the amplitude
of sum of Fourier transforms of each component of eigenvector
k for wavevector k,. If a mode has an underlying frequency re-
sembling a k, wavevector, y*(k,) will have a large value. In other
words, such modes will have at least one outlier within the data
set {Y*(k,) | r=1,2,...,n}. To detect if a data set contains such
an outher or not, we use the absolute value of standard score
(known as the z-score) commonly used in statistics:

_yk
&= 'Lk;)k £ (©)

where p* and o* are the mean and standard deviation of the
dataset for mode k. Similar to participation ratio, a threshold
can be used to determine if a mode has outliers among ampli-
tudes calculated for various wavevectors and if it does, it can be
categorized as a propagon, i.e. phonon-like propagating mode.

Limits of propagon,diffuson and locon regions of the spectrum
should be prescribed. Given that locons are determined based
on participation ratio (a well-established technique), certain val-
ues have been proposed in the literature for the locon-diffuson
limit*8. However, as regards the propagon-diffuson limit, since
we are proposing a new technique, a decision has to be made
regarding the threshold. Since the final formulation is cast in
terms of statistical z-scores, an appropriate value can be adopted
considering a probabilistic interpretation. We note that ultimately
the categorization is to some extent subjective which is analogous

to how the electromagnetic spectrum is divided into segments,
namely ultraviolet, X-rays etc.

The last method used in this paper is the formula proposed by
Allen and Feldman (AF) for computing mode diffusivities 50,

i h2 ZZ|SU} 6 (7)

where S is the heat current operator and V is the cell volume
and oj; is the frequency of mode i. From these, we can compute
the diffusive thermal conductivity as kyj = %Zi Ci(T)D;, where
C; is the heat capacity of mode i. GULP>! software is used for
calculating mode diffusivities in our systems.

3  Results and discussion

The first structural information obtained from our simulations is
the basal spacing, as shown in Figure 1. oy denotes the number
of grafted polymers per surface area and ncy, denotes the num-
ber of CH; units in the organosilane polymer (chain length). As
expected, the basal spacing increases almost linearly as a function
of polymer size?8. Our recent experimental findings?® on hybrid
systems with a similar structure are compatible with these results
as shown in Figure 1. In these experiments, we were able to
synthesize hybrid calcium silicate hydrate gels of controlled stoi-
chiometry, and via a sol-gel process using dipodal organosilanes
(bis-alkoxysilanes) of alkyl chain lengths (ncy,) ranging from 2 to
8. The nanostructures were characterized with various techniques
including X-ray diffraction (XRD). Presented experimental results,
Figure 1, are derived from high-resolution XRD experiments car-
ried out in the low 26 (3° ~ 15°) range, which encompasses the
basal reflection of the hybrid systems. More details on synthesis
protocols, characterization results and molecular structure can be
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Fig. 2 Leveraging PMF calculations to understand the underlying reasons for observed basal spacing values (a) Potential of mean force (PMF) for
nch, = 4 for high and low grafting (HG and LG respectively) from polymer chains is summed with that of tobermorite (TB). The shift in position of
mimima is negligible. The schematic in (b) demonstrate the concept. (c) RMSD for in-plane displacement of grafted bridging silica (Si-b). There is
a significantly larger drift for the layers in samples with lower grafting. (d) PMF for real configuration of polymers extracted from relaxed composite

structures

found in Moshiri et al28.

In experiments carried out on clay composites, Losego et al.
were also able to control the interlayer spacing by varying chain
length and trends similar to those observed in our simulations
were obtained3!. However, experiments are silent on grafting
surface densities, o,. Figure 1 shows an interesting phenomenon:
we have smaller basal spacing at smaller grafting densities for a
given polymer length. It is not immediately clear what causes
this behavior. We can think of three sources for the reduced basal
spacing at a constant ncy,: 1. A shift in the equilibrium posi-
tion of polymers confined between solid layers. This can be ver-
ified by investigating the PMF of parallel polymer systems with
end-to-end distance as the collective variable. 2. The depen-
dence of basal stiffness on polymer grafting density and 3. A
layer drift, which causes the polymers to tilt and the interlayer
to collapse. What follows is a quantitative investigation of these
hypotheses. Due to computational limitations, we only focus on
10 cases: (0y,nch,) € {1.3nm™2,2.6nm™2} x {2,4,6,8,10}. Sam-
ples with 6, = 1.3nm~? are labeled LG (low grafting density) and
those with 6, = 2.6nm~2 are labeled HG (high grafting density).

First, we construct a regular grid of parallel polymers with the
same o, as in the composite samples (schematics in Figure 2a).
The PMF for these samples with the collective variable being the
distance between the layers can be calculated as explained in the

4| Journal Name, [year], [vol.], 1-10

methods section. The results for ncy, =4 and two grafting densi-
ties are shown in Figure 2b (other lengths show similar behavior.
See Supplementary Information Figure 1S for other cases). In-
tuitively, when we have higher polymer density, we expect inter-
polymer steric repulsion to shift the location of PMF minimum.
However, at these values of oy, we only see a negligible shift,
which means steric repulsion cannot be responsible for the ob-
served decrease in the basal spacing at a constant ncy,. More-
over, if the PMF from the inorganic part is added to that of the
polymer-only system, we still do not see any significant shift in
the location of the minimum in the combined organic-inorganic
PMF (Figure 2b). This is expected because at such a large basal
spacing, the attractive ion correlation forces between the layers
are weak®2°3, as seen in the same figure. Also the difference
in stiffness values near the minimum (J;A(1)) between the two
grafting densities is not large enough to cause the observed basal
spacing. This means the reduced basal stiffness cannot be at the
origins of reduced basal spacing at a given ncy, .

To investigate the impact of the relative lateral shift between
solid layers, we calculate in-plane RMSD of bridging silicons for
all samples (Figure 2c). It is clearly seen that there is a signif-
icant discrepancy between samples with high and low grafting
densities at a constant polymer length. Since layers are cross-
linked, the shift results in further tilting of the polymers, which
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Fig. 3 Reduction in thermal conductivity as longer chains are grafted into the interlayer. (a) cross-plane (z-direction) component of thermal conductivity.
(b) Volumetric thermal conductivity. In this case, a significant reduction is observed for even the smallest chain length.

entails a significant collapse of the interlayer spacing. But our
simple model of parallel polymers on a regular grid is not able
to capture this drift. So, we extract the actual configuration of
polymers from the interlayer of relaxed structures and repeat the
PMF calculations with these disordered configurations. As shown
in Figure 2d, there is a significant shift in the location of PMF min-
ima, which is comparable to values reported earlier in Figure 1.
This further confirms that the interlayer drift is the main reason
behind the observed reduction in the basal spacing by varying
grafting density. A more accurate demonstration would require
the addition of sliding collective variables>2, which results in a
3D PMF in the collective variable configuration space. However,
this approach currently remains computationally prohibitive.

Once properly relaxed hybrid organic-inorganic atomic struc-
tures are at hand, we can compute thermal conductivities using
the Green-Kubo (GK) formalism for all samples. Here, we focus
on k;; and the volumetric conductivity k, = W As can be
seen in Figure 3a, for 6, = 1.3nm~2 (LG), we only observe sig-
nificant reduction in x;; for the longest chain length (ncy, = 10).
For o, = 2.6 nm~2 (HG), a steady reduction is observed up to
nch, = 8. There seems to be a plateau after ncy, = 8 which in-
dicates a limit to control the conductivity based on ncy,. For
volumetric conductivity (Figure 3b), we have a reduction in con-
ductivity of about 17% even for ncy, = 2, irrespective of grafting
density. ncy, = 10 shows highest reduction for both %, and «,
(17% and 40%, respectively). We now focus on understanding
the origins of the observed reduction in thermal conductivity.

As a first attempt, one might model thermal conductivity using
a simple series model such as the following:

Zi

interfaces !

dtotal _ é
Keff

®

layers Ki

where d is layer thickness and G is the interfacial thermal con-
ductance. For TB layers, we assume xrg = 1.2 W/m-K and dyg =
11.2 A. For the organic layer, we take korg = 0.15 W/m-K in
our approximation based on values reported in the literature for
amorphous polymers (0.1 ~ 0.2 W/m-K)>*. Neglecting interface

contributions, for (HG)ncp, = 6,8 we get ks = 0.39,0.33 W/m - K,
respectively, which is significantly lower than our GK calculations.
Several contributing factors can be cited for the observed discrep-
ancy. First, we expect the short polymer chains in our study,
which are also covalently bonded to inorganic layers to have
higher conductivity than bulk conductivity of amorphous poly-
mers>>. This is supported by previous investigations on the effect
of bonding and cross-linking on thermal conductivity>%->7. More-
over, we used the bulk value of conductivity for the tobermorite
layer, while the conductivity of a single layer is unknown. Bulk
values can be further corrected due to size effects when they are
used in continuum calculations>®, which further reduces xrg in
Equation 8. The result is further reduction of k. and further
deviation from atomistic results. There are also interface effects
between TB layers which is unknown when doing bulk calcula-
tions. The above discussion underlines the fact that simple contin-
uum models are inadequate for our complex system at such small
scales and more holistic modal analysis approaches are required
to better understand the underlying physics of heat transport in
organic-inorganic hybrids.

Figure 4 (a) shows vibrational density of states for TB, XTB at
nenp = 8 with high grafting (HG) and that of a single polymer.
In a frequency range of 30~45 THz, we can see that polymer
molecules have modes that are absent in TB. Hence, we can ex-
pect this modal mismatch to result in scattering at the interface
between TB and the organic material, which manifests as reduced
diffusivities as we show later on. In the literature, this vibrational
mismatch is cited as the underlying reason for lower conductiv-
ity29:32 This hypothesis can be further investigated by a full char-
acterization of vibrational modes of the systems. Based on their
spatial vector fields, these modes can be categorized into locons,
diffusons or propagons®°. To distinguish locons, we compute the
modal participation ratio (PR) for all modes of each sample (a
typical result is shown in Figure 4b). As discussed in the methods
section, a cutoff value is needed (e.g. a value of 0.1 as used in
some previous studies#®). In this study, we use a more conser-
vative value and modes with a PR smaller than 0.05 are labeled
as locons. Note that a higher value would result in higher con-
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Fig. 4 Modal analysis for tobermorite and cross-linked tobermorite (XTB) with ncy, =8. (a) Vibrational density of states for tobermorite, polymer
and XTB with ncy, =8. Adding organic constituents introduces modes in an interval of about 30~50 THz which is absent in tobermorite. This results
in a vibrational mismatch between the organic and inorganic layers and leads to reduced mode diffusivities (b) Participation ratios are calculated for
each mode. This data is used to distinguish locons (c) Results for spatial Fourier decomposition of two typical modes on the 3D Fourier basis. At
lower frequencies, modes show dominant (outlier) amplitudes for particular wavevectors and are designated as propagons. The rest (except those
already designated as locons) are labeled as diffusons (d) Full modal spectrum for TB and XTB with ncy, =8. We can visually see the abundance of

localized modes in the hybrid case compared to pristine tobermorite.

ductivities. Moreover, the calculations are not sensitive to this
limit since higher frequency modes (whose inclusion or exclusion
is affected by the limit) already have small contributions to con-
ductivity.

To distinguish propagating modes, we use equation 5 as de-
scribed in the methods section. The results for two modes with
low and medium frequencies are shown in Figure 4c. We see that
modes with lower frequency (1 THz here) show marked peaks,
which are absent from modes with higher frequency (10 THz
here). Regarding threshold value, as in the diffuson-locon limit,
we choose a very conservative value of 6 for detecting propagons.
This means that we have an outlier if the frequency amplitude has
a negligible probability. In other words, we should have one or
more sharp spikes in the data as in Figure 4c. After distinguish-
ing localized and propagating modes, the remaining modes are
labeled as diffusons. Figure 4d shows the full characterization
spectrum for both TB and XTB. For TB, we calculated vibrational
modes after introducing a defect in the system. However, due to
crystallinity, a few anomalous propagating modes are observed
at higher frequencies. Our results are compatible with previous
findings for amorphous silicon, where propagating modes were
observed even beyond the Ioffe-Regel threshold *8:>°. From this
spectrum, we can see that although a sharp difference is observed

6| Journal Name, [year], [vol.], 1-10

in the number of locons for TB and XTB, both have more or less
the same number of propagons. But why do we have such a stark
difference in the percentage of locons between TB and the com-
posite system?

In Figure 5, we plot the number of locons and propagons as
a function of degrees of freedom (DoFs) that are added to the
TB structure (all added DoFs belong to the organic part). Inter-
estingly, we find that locons increase with a slope of almost 1,
while the number of propagons shows a negligible increase. This
is what was visually observed in Figure 4d as well. In a sense,
one could say that although the number of modes available for
thermal transport is more numerous in the hybrid system, those
added DoFs are all localized and do not contribute to heat trans-
port. So one can conclude that it is a change in the character of
the same number of either diffusons or propagons that is lowering
the thermal conductivity of the hybrid material.

To investigate this hypothesis quantitatively, we try to sepa-
rate the diffusive part of conductivity (x¢) from the propaga-
tive part (x”). This can be done by computing k¢ using Allen-
Feldman theory as described in the methods section, which gives
k! =k, — k?. Figure 6a shows that x¢ remarkably has the same
decreasing trend as the total conductivity shown in Figure 3 and
constitutes roughly 33~50% of k,. This value can be contrasted
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locons. However, the number of propagons shows a negligible increase.

with the higher diffusive contribution in a more disordered sys-
tem obtained by Zhou et al. 60 However, as seen from Figure 6b,
such trend is non-existent for x’ = K, — Kﬁ’ . This points to the
fact that the reduction in thermal conductivity mainly arises from
a change in mode diffusivities. In the literature, this reduction
is routinely attributed to “scattering of phonons at the interface”
with the implicit assumption that the propagating modes are the
only contributor. This is justifiable for multilayered crystalline
materials with sharp interfaces (e.g. thermal interface conduc-
tance in Si/Ge superlattices 61) studied in the literature. However,
in our case the results show that the propagon contribution re-
mains unchanged due to cross-linking and the reduction can only
be attributed to diffusons. It further underlines the importance of
full spectral analysis in complex hybrid materials.

Figure 6¢ shows mode diffusivities for a number of cross-linked
models (ncy, =2 (LG, ncy, = 10 (LG), ncw, =2 (HG), ney, = 10
(HG)) and the pristine TB. We see that overall, models with
larger polymer length and higher grafting show lower diffusivi-
ties. These diffusivities can be used to compute cumulative k¢
for each model which is shown in Figure 6d. Therein, we clearly
see the reduced cumulative k¢ which arises as a result of ham-
pered diffusivities. Combined with unchanged contribution from
propagating modes, this quantitatively demonstrates that the re-
duction in heat conductivity can only be due to the reduced mode
diffusivity of diffusons, which is in turn rooted in the modified
interfaces in cross-linked samples compared to the pristine inor-
ganic structure.

The procedures discussed in this paper for separating prop-
agating and diffusive contributions to thermal conductivity can
just as well be applied to a range of materials (including materi-
als with nanoconfined water©2) to better understand the mecha-
nisms underlying their heat transport. Such fundamental knowl-
edge would ultimately assist with the design of new nanomate-
rials and nanoscale thermal processes. For instance, an interface
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is created when a nanoparticle is embossed through laser heat-
ing in a polymer matrix® which is amenable to a spectral anal-
ysis. Moreover, metal organic frameworks (MOFs) are a primary
choice for water uptake at low relative humidity®*, as in design
of energy efficient adsorption-based chillers©>.

It might be challenging to find biological applications for the
particular prototype material used in our study. However, there
are biological/biomimetic materials with similar characteristics
amenable to thermal analysis. For instance, nacre is composed
of platelets of aragonite separated by sheets of an organic matrix.
Artificial analogs of nacre® can be synthesized with nanoscale
platelet sizes which makes them ideal multifunctional materials
where high fracture toughness and low thermal conductivity are
simultaneously desired. In addition to nacre, layered double hy-
droxides (such as clays), which have similar structures to our
system, can be used as controlled release systems for pesticides,
genes and drugs among others®”. Our experimental findings 28
show negligible swelling/shrinkage in these materials which can
enhance the release of nanoconfined fluids without interlayer col-
lapse. Chitosan-silane hybrids are another important class of
materials which find applications in membranes, tissues or scaf-
folds©8.

Conclusions

The following concluding remarks summarize the new findings
presented in this paper:

1. Bipodal organosilanes with different chain lengths can be
used to cross-link nanoscale interfaces of layered inorganic
materials such as tobermorite and phyllosilicates with differ-
ent surface grafting densities. Higher grafting means larger
basal spacing (at a constant polymer chain length) and in
this paper, we have shown that the drift in the inorganic
layer lies at the origins of this difference.

2. We show that organic cross-linking can reduce volumetric
thermal conductivity as much as 40%, which is lower than
values obtainable from pristine amorphous inorganic com-
ponents.

3. A simple method for characterizing propagons was intro-
duced. We show that the number of propagons is more or
less unchanged as a function of carbon content. We also
show, using participation ratio that the added organic modes
due to cross-linking are all localized in nature.

4. By computing mode diffusivities for all modes of all sam-
ples, we show that a reduction in mode diffusivities in cross-
linked systems is the main cause of the lower thermal con-
ductivities observed in our organic-inorganic composites.

We envision that these findings can potentially pave the path to-
ward designing a new generation of low-thermal conductivity in-
sulating materials, which is the subject of our ongoing investiga-
tions. It is conceivable that our findings can have direct impli-
cations for designing thermally insulating hybrid materials with
applications ranging from automotive to space industries.
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contribution to thermal conductivity (a) The diffusive component computed using Allen-Feldman theory. The trend is similar to what was computed
using Green-Kubo in this paper. (b) Propagon contribution obtained as & = &, — k?. We see that the decreasong trend disappears. (c) Comparison
of mode diffusivities for a number of cross-linked models and pristine TB. Overall, mode diffusivities show significant reduction due to cross-linking,
where we have high grafting and long chain lengths. (d) Cumulative diffusive contribution to the thermal conductivity. For small chain length and
low grafting percentage, we do not observe a significant change in k¢ compared to the pristine TB. The reduction is most significant for large chain

lengths and high grafting percentages. See Figure 2S in Supplementary materials for other grafting and chain lengths. Lines in figures are guides for

the eye.

From a computational prospective, this work opens up paths for
future research. At larger scales, the building blocks of the hybrid
material studied (similar to pristine tobermorite) can be modeled
as globules of several cross-linked layers. A coarse-grained model
can be developed through free energy calculations and judicious
choice of interaction potentials among these particles®. Once the
meso-texture is at hand, upscaling of material properties can be
achieved. Since we have already calculated thermal conductivity
for the hybrid material at the nanoscale, a homogenization tech-
nique such as Mori-Tanaka theory can be used to compute con-
ductivities at larger scales’? based on computed porosities. Den-
sity, pore-size distribution and creep performance’! are among
other properties that can be studied using mesoscale models.
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