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Data-driven prediction of HSQ polymer structure
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The synthesis of silicon nanocrystals through high-temperature pyrolysis of hydrogen silsesquioxane has

emerged as a valuable approach for obtaining quantum-sized crystallites with controllable sizes and dis-

tinct photoluminescent maxima. Nevertheless, the use of commercial hydrogen silsesquioxane has

notable disadvantages, such as poor shelf life, high cost, and limited supply, that motivate the exploration

of alternative precursors. Recent studies have demonstrated silsesquioxane-like polymer precursors

derived from molecular polysilanes (e.g., trichlorosilane, triethoxysilane) that offer a cost-effective and

tunable precursor for synthesizing silicon nanocrystal. Here, we elucidate the relationship between the sil-

sesquioxane precursor chemistry, its structure, and the photoluminescence of alkyl-passivated silicon

nanocrystals derived from this precursor using a statistical design of experiments technique called

response surface methodology. Using this technique, we quantitatively model the relationship between

precursor molar ratios, polymer structure (cage vs. network content), and photoluminescence quantum

yield of alkyl-passivated silicon nanocrystals. We find that synthesis approaches to silsesquioxane poly-

mers that use higher proportions of methanol and water in a trichlorosilane : water : methanol mixture

result in larger amounts of network-type polymer structures, and that the network-type polymeric pre-

cursors yield silicon nanocrystals with higher photoluminescence quantum yields. While polymer struc-

ture strongly correlates with precursor composition, it is only weakly coorelated to the photo-

luminescence quantum yield of the resultingsilicon nanocrystals. These finding suggest factors other than

precursor structure play significant roles in the photoluminescence of silicon nanocrystals.

Introduction

Silicon (Si) has long served as the foundational material in the
semiconductor industry due to its favorable physical and elec-
tronic properties. Compared to other semiconductors, Si has
several notable advantages: terrestrial abundance, compatibil-
ity with complementary metal–oxide–semiconductor techno-
logy, and no known intrinsic toxicity. However, Si’s indirect
band gap is the key, fundamental challenge for the application
of next-generation computing technologies that utilize inte-
grated photonics.1–3 Silicon nanocrystals (SiNCs) have emerged
as a potential solution due to intense, tunablephotolumines-
cence that arises from quantum confinement effects.4–7 The
unique photophysical properties exhibited by SiNCs, coupled
with Si’s aforementioned advantages, make SiNCs more
appealing for many applications compared to alternatives such
as III–V and II–VI quantum dots.8,9

A common synthetic route for SiNCs is the pyrolysis of
commercially available hydrogen silsesquioxane (HSQ, FOx
series, Dow Corning) in a reducing environment, yielding
size-tunable (3–90 nm) SiNCs with hydride termination.10–12

HSQ (H8Si8O12) is a commonly used material in electron
beam lithography because of its compact molecular struc-
ture, excellent e-beam resist roughness, and robust etching
resistance.13 Additionally, HSQ can be deposited on sub-
strates via spin coating, as it is soluble in organic sol-
vents.14 Upon annealing at temperatures ranging from 1000
to 1400 °C, HSQ decomposes and yields a tan powder com-
prised of nanocrystalline silicon embedded within a silica
(SiO2) matrix. To liberate the nanocrystalline silicon and
remove surface oxide species, the silica matrix is (typically)
etched with hydrofluoric (HF) acid, resulting in freestanding
hydride-terminated SiNCs. Several synthetic parameters have
been reported to control the size and crystallinity of the
hydride-terminated SiNCs, including pyrolysis temperature,
pyrolysis time, and HF etch duration.15 The surface chem-
istry of hydride-terminated nanocrystals can be further
modified through surface reactions (such as hydrosilylation)
to passivate surfaces and render them colloidally stable,
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resulting in SiNC dispersions with photoluminescence
quantum yields (PLQYs) of up to 80%.12,16–19

Silsesquioxane polymers, denoted as (RSiO1.5)n, where R
represents H, alkyl, or aryl, have recently been investigated as
alternative precursors for the synthesis of SiNCs.19–24 These
polymers have typically been synthesized through a vigorous
reaction of silane precursors (such as trichlorosilane and
triethoxysilane) and water/organic solvent mixtures.
Depending on the reaction conditions and degree of conden-
sation, the resulting products can either be well-defined
silsesquioxane cages with varying oligomeric structures (e.g.,
H8Si8O12)

25,26 or cross-linked amorphous polymeric structures
(RSiO1.5)n in which “cage”-type units are covalently linked with
extended “network”-like structures.19,23,24,27 These previous lit-
erature reports suggest that hydrolysis and condensation of
silane precursors are highly complex processes and are
impacted by many parameters such as monomer type, solvent
polarity, pH, the presence of catalyst, and reaction tempera-
ture/duration. Thus, understanding the impact of these para-
meters is critical for controlling the resulting product’s compo-
sition and morphology. Further, previous reports showed that

these factors influence the size and PLQY of SiNCs.19,20,23,28

These studies investigated the mechanism of hydrolysis–con-
densation reactions for synthesizing HSQ polymers from
various precursors and explored the impact of cross-linking
density and the ratio of “cage-” and “network-” type structures
in the HSQ polymer on the resulting crystallinity, size, and
optical properties of SiNCs. Nonetheless, drawing conclusions
from the existing research is challenging, largely due to the
fact that previous works relied on a laborious “trial and error”
approach because of the large parameter space that influences
the structure of silsesquioxane polymers and, consequently,
the morphology and quality of SiNCs.

In this study, we explore the influence of precursor chem-
istry on the structure of silsesquioxane polymers synthesized
from trichlorosilane and the PLQY of alkyl-stabilized SiNCs
derived from the synthesized silsesquioxane polymers
(Scheme 1). We employ response surface methodology (RSM),
a statistical technique, to assess the impact of multiple inde-
pendent variables on a given output variable.29 The goal is to
evaluate the independent continuous variables simultaneously
to develop a predictive model for HSQ polymer structure. We

Scheme 1 Schematic summary of the study, illustrating the synthesis process of silsesquioxane-based polymers from trichlorosilane, water, and
methanol, followed by the preparation of hydride (H)- and dodecyl (CH3(CH2)11)-terminated SiNCs. The molar ratios of trichlorosilane, water, and
methanol were systematically varied. Cage content (determined by FTIR absorbance analysis) and relative photoluminescence quantum yield of
SiNCs were quantified and used as response variables in Scheffé’s polynomial model to predict the influence that synthetic conditions have on struc-
tural properties (cage %) of the HSQ polymer and the optical properties (PLQY %) of the resulting SiNCs.
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used FTIR absorption spectra data to quantify the ratio of
“cage-” and “network-” type structures in the HSQ polymer
(cage : network ratios)23 and applied Scheffé’s mixed poly-
nomial model to establish the relationship between the precur-
sor composition (trichlorosilane : water : methanol ratio) and
the resulting structure of the silsesquioxane polymers. We
found that the cage : network ratio decreases with increasing
water and methanol content in the reaction mixture.

We then processed these polymers at 1100 °C under
forming gas (95%/5% N2/H2) to obtain SiNCs and sub-
sequently alkyl passivated the NC surface through thermal
hydrosilylation with 1-dodecene (Scheme 1). XRD analysis
revealed that polymer precursors made without adding metha-
nol yielded larger nanocrystals whereas the addition of both
water and methanol resulted in smaller sizes. The PL peak
maxima and PLQY values of alkyl-stabilized SiNCs ranged
from 636 nm to 689 nm and approximately 3 to 10%, respect-
ively. RSM modeling of the PLQY values indicated that higher
PLQY was associated with lower cage : network ratios; however,
the correlation is weaker than that observed between precursor
ratios and polymer structure.

Results and discussion
Synthesis and structural characterization of polymer
precursors

First, we synthesized 15 silsesquioxane polymer precursors by
modifying previously reported synthesis protocols.20,23,30 To
understand the impact of water and methanol on the structure
of polymers, we varied the water : methanol molar ratios while
maintaining a constant trichlorosilane molar ratio (Table S1).
A full description of the experimental details is provided in the
SI. Briefly, the synthesis procedure involved the rapid addition
of methanol to trichlorosilane, followed by the immediate
injection of water to initiate hydrolysis and condensation. For
example, in the synthesis with a trichlorosilane : water :
methanol molar ratio of 1 : 3 : 3, 30 mL of trichlorosilane was
reacted with 41 mL of methanol and 16 mL of water. All steps
were carried out under an inert argon atmosphere to prevent
oxidation or side reactions.

We employed FTIR spectroscopy to understand the chemi-
cal bonding in the dried polymer precursors (Fig. 1A). All syn-
thesized polymers have three main absorption bands: (i) a
bimodal absorption band between 900 and 750 cm−1, which is
assigned to H–Si–O bending and symmetric Si–O–Si stretch-
ing, (ii) a second bimodal band spanning roughly from 1250 to
950 cm−1, attributable to the Si–O–Si asymmetric stretching
mode for cage- and network-type structures, and (iii) a band at
2250 cm−1 due to Si–H stretching. The observed features agree
well with previously reported FTIR spectra of (HSiO1.5)n
polymers.19,24,31 The Si–O–Si symmetric vibration peak
(∼818 cm−1) shifted to a slightly higher wavenumber
(∼824 cm−1) and broadened for the three samples that were
synthesized with the largest amounts of methanol (i.e., 1-1-3,
1-2-3, 1-3-3). We attribute this shift to the formation of

network-type structures with slightly different Si–O–Si
angles.24,32 For all polymers, Si–CH3 stretching vibrations
(∼1274 cm−1) were not observed, indicating that they do not
contain measurable quantities of unreacted –CH3 groups.

We integrated the FTIR absorption bands for the Si–O–Si
(1250 to 950 cm−1) and Si–H (2310 to 2200 cm−1) features and
assessed the ratio of these areas (Si–O–Si : Si–H; Fig. S1)
to compare their relative quantities. We found that the
Si–O–Si : Si–H ratio increased with an increasing water :
methanol ratio. We attribute this trend to a decrease in the
cage : network ratios. We focused more closely on the Si–O–Si
peak to quantify the cage and network percentages by decon-
voluting the band into Gaussian peaks (Fig. S2). Table S2
shows the deconvoluted peak maxima and the relative percen-
tages of cage and network structures, determined from the
areas under the fitted Gaussian peaks. We found that silses-
quioxane polymers prepared with a trichlorosilane/water mixture
(i.e., without methanol) yielded higher cage : network ratios,
whereas using trichlorosilane, water, and methanol resulted in
lower cage : network ratios. These results suggest that polymeriz-
ation of trichlorosilane using water favors cage-type structures,
whereas increasing the amounts of methanol promotes the for-
mation of higher quantities of network-type structures.

Response surface analysis of synthesis parameters and
polymer structure

We applied RSM to identify the relationship between precursor
ratios and the relative quantities of cage and network struc-
tures in our silsesquioxane polymer samples. The experi-
mental design points were mapped on a ternary plot, shown in
Fig. S3. For the sake of simplicity, the molar ratios of the com-
ponents in the mixture were coded as a sum between 0 and 1,

Fig. 1 FTIR spectra of the 15 silsesquioxane polymers synthesized in
this work. (A) FTIR spectra plotted from 2500 to 950 cm−1, highlighting
Si–H and asymmetric Si–O–Si stretching vibrations. (B) FTIR spectra
plotted from 950 to 600 cm−1, showing H–Si–O bending and symmetric
Si–O–Si vibrations. We note that molar ratios of trichlorosilane : water :
methanol are denoted as 1–X2–X3, where X2 and X3 represent the molar
equivalents of water and methanol, respectively. For instance, 1–1–0
corresponds to a 1 : 1 : 0 molar ratio of trichlorosilane : water : methanol.
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listed in Table S3. Therefore, the amount of each independent
variable varies from 0 to 1. We fitted Scheffé’s polynomial to
the data where the percentage of cage-type struc-
tures was used as the response variable and the molar ratios of
trichlorosilane, water, and methanol were selected as indepen-
dent variables; Scheffé’s polynomial was chosen to model the
data because the values of the components have a linear
relationship and exist on a simplex.33 The corners of the
ternary plot are excluded from analysis, as a minimum quan-
tity of each component is required to form a polymer product.
Using the designed experimental data, we obtained a first-
degree polynomial model that predicts the percentage of cage-
type structure in the polymer (eqn (1)):

Ŷ ¼ 64:62X1 þ 48:88X2 þ 42:04X3 ð1Þ
where Ŷ is the response variable (percentage of cage-type) and
X1, X2, and X3 are the molar fractions of trichlorosilane, water,
and methanol, respectively.

The significance of each model term was evaluated using its
F-value and associated p-value. Terms with p-values less than 0.05
were considered statistically significant, indicating a meaningful
contribution to the response, while those with p-values greater
than 0.05 were deemed insignificant. For the response variable
(cage %), the model terms X1(trichlorosilane), X2(water), and
X3(methanol) were found to be statistically significant, with
F-values of 1086.17, 57.72, and 48.86, respectively (Table S4).
These results indicate that all three precursor components signifi-
cantly influence the cage percentage. Furthermore, we found that
a linear model results in an R2 value of 0.99. Residual plots indi-
cate no violation of the linear model assumptions (Fig. S4),
demonstrating a reasonable fit with the first-degree polynomial
model. The addition of second- and third-order interaction terms
(trichlorosilane : water, trichlorosilane :methanol, and
trichlorosilane : water :methanol) was statistically evaluated using
ANOVA (Table S5). While the main effects of all three precursors
were highly significant, the interaction terms were not (p = 0.23,
0.59, and 0.85 for trichlorosilane : water, trichlorosilane :
methanol and trichlorosilane : water :methanol, respectively).
Therefore, we opted for a main-effects model and excluded
higher-order interactions.

Fig. 2 presents the predicted percentages of cage-type struc-
tures obtained from eqn (1). The plot shows that higher con-
centrations of trichlorosilane (relative to methanol and water)
tend to increase the cage-to-network ratio, while lower concen-
trations result in lower cage-to-network ratios.

Optical properties of alkyl-stabilized SiNCs from
silsesquioxane polymers

The polymers were thermally processed and the resulting
silica powders were HF etched to liberate hydride-terminated
SiNCs. Next, we thermally hydrosilylated the hydride-termi-
nated SiNCs with 1-dodecene at 190 °C overnight under an Ar
atmosphere to obtain dodecyl-passivated SiNCs. XRD (Fig. 3A)
of the dodecyl-passivated NCs shows a broad reflection at 2θ of
approximately 19.5°, which we attribute to residual amorphous

SiO2 resulting from poor etching, while sharper peaks (red
asterisks) at 21.5°, 22.6° and 23.8° correspond to crystalline
SiO2.

34,35 For the 1 : 2 : 0 sample, a broad shoulder observed at
roughly 15° is likely due to impurities introduced during the
etching or sample preparation. The peaks at roughly 28.4°,
47.2° and 56.2° correspond to the (111), (220) and (311) planes
for diamond cubic Si, respectively.36 The average diameters of
the NCs were determined by Scherrer analysis and are listed in

Fig. 2 Prediction of HSQ polymer structural composition with RSM
using precursor molar ratios as input variables. The colored circles rep-
resent the experimental data used to fit Scheffé’s polynomial model.

Fig. 3 Structural and optical properties of alkyl-stabilized SiNCs syn-
thesized from different polymer precursors. (A) XRD patterns of alkyl-
passivated SiNCs. Red asterisks at ∼21.5°, 22.6° and 23.8° are attributed
to crystalline SiO2. (B) Photoluminescence spectra of alkyl-passivated
SiNCs dispersed in toluene and excited at 385 nm. We note that molar
ratios of trichlorosilane : water : methanol are denoted as 1–X2–X3,
where X2 and X3 represent the molar equivalents of water and methanol,
respectively.
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Table 1. The polymers that were synthesized with only trichlor-
osilane and water yielded NCs with diameters ranging between
∼3.4 and 3.9 nm. In contrast, the polymer synthesis that
included methanol produced smaller nanocrystals with an
average diameter of approximately 2 to 2.1 nm. The decrease
in size is attributed to the lower cage : network ratio in the
polymer precursor; we propose that the predominant network-
like structure impedes diffusion of silicon atoms during
thermal processing, resulting in smaller-sized nanocrystals.

We characterized the photoluminescence (PL) of the alkyl-
stabilized SiNCs at room temperature, employing a 385 nm
LED as the excitation source (Fig. 3B). The PL peak maxima
and full-width at half-maximum (FWHM) values ranged from
roughly 636 nm to 689 nm and 117 to 147 nm, respectively
(Table 1). The trends show that there is a correlation between
the PL peak maxima and FWHM; as the PL peak maximum
decreases, the FWHM gets narrower. We attribute the peak nar-
rowing to a decrease in the distribution of emissive states,
arising from more homogeneous size distribution. The effect of
precursor chemistry on size distribution can be rationalized by
understanding the impact of the different polymer structures on
the reactive processes that occur during thermal processing.
Higher fractions of network-type structures are known to
impede the diffusion of the Si species in the SiO2 matrix during
annealing and lead to more localized nucleation sites for
SiNCs,20 which restricts NC growth and results in smaller SiNCs
with more uniform size distributions. We have not excluded the
possibility that variations in the surface chemistry could also
contribute to differences in PL FWHM and PLQY.37 Poor surface
passivation can introduce surface trap states, which increase
non-radiative recombination and result in a broader emission
band. However, this study specifically aims to isolate the effects
of precursor chemistry on photoluminescence.

Next, we determined the relative PLQY values of all SiNCs
using Coumarin 153 as a reference fluorophore,38 as summar-
ized in Table 1. We note that a 421 nm excitation source was
used for the calculation of the relative PLQYs in Table 1, as the

absorbance of the reference fluorophore is negligible below
400 nm. The relative PLQY values ranged from 3 to 10%,
which is lower than previously reported PLQY values for
SiNCs.19,23,24 The relatively low PLQYs observed in our alkyl-
stabilized SiNCs may result from insufficient surface passiva-
tion by thermal hydrosilylation, which typically yields lower
surface coverage compared to radical-initiated passivation39

and introduces non-radiative trap states.

Relationship between polymer structure and PLQY

We again applied RSM to gain insight into the relationship
between polymer structure and photoluminescence, using PLQY
as a response variable. The first-degree polynomial model for the
prediction of the percentage of PLQY was determined (eqn (2)):

Ŷ ¼ 3:91X1 þ 6:34X2 þ 7:43X3 ð2Þ
ANOVA results indicate that all three precursor components

—trichlorosilane, water, and methanol—have a statistically sig-
nificant influence on the PLQY, with p-values of 8.816 × 10−7,
0.0276, and 0.0101, respectively (Table S6). Trichlorosilane
exhibited the strongest effect, as reflected by its low p-value
and high F-value of 84.5. Similar to the case of cage percen-
tages of the HSQ polymer, the interaction terms
(trichlorosilane : water, trichlorosilane : methanol, and
trichlorosilane : water : methanol) were not statistically signifi-
cant (p > 0.05), indicating that interaction effects among the
precursors do not meaningfully contribute to the variation in
PLQY (Table S7). The linear model was fit with an R2 value
(0.89) (see Fig. S5 for residuals), which indicates that the corre-
lation between precursor ratios and PLQY of SiNCs is weak
compared to the correlation between precursor ratios and the
resulting HSQ polymer structure. Fig. 4 demonstrates a
contour plot of predicted PLQY values obtained with eqn (2).
Our predicted model suggests that PLQY values are higher
near the right corner of the triangle in which polymers are
obtained with a higher concentration of methanol. Based on
our previous conclusion for the structure of polymers, near the
right corner of the triangle, silsesquioxane polymers have
lower cage : network ratios, implying that a greater network-
like content in the polymer precursor results in higher PLQY.
We also note that our results differ from the conclusions
recently drawn by the Saitow group,19,23 who demonstrated
that higher proportions of cage-type structures in the polymer
precursor correlate with increased PLQY values. However, we
note that the PLQY of NCs can also be impacted by other
factors that are not being considered, such as the degree of
surface passivation with ligands, the choice of solvent for QY
measurements, and the purification of nanocrystals. This
points towards F3 a need for future work that accounts for
other experimental parameters to more accurately understand
the factors that impact PLQY.

Verification of Scheffé’s polynomial models

To evaluate the predictive capability of our statistical model,
we synthesized six new samples with either higher quantities

Table 1 PL properties and XRD crystallite sizes of alkyl-stabilized SiNCs

Sample
mole ratios
(HSiCl3–H2O–
CH3OH)

PL peak
maximum
(nm), λex =
385 nm

FWHM
(nm)

Crystallite
size from
XRD (nm)

PLQY (%),
λex = 421 nm

1–1–0 688 147 4 4.3
1–2–0 652 125 2.1 4.1
1–3–0 689 143 3.5 5.5
1–1–0.5 675 131 2.2 7.8
1–2–0.5 670 123 2.1 3.5
1–3–0.5 647 129 2.2 9.5
1–1–1 645 119 2.4 8.8
1–2–1 676 133 2.3 4.3
1–3–1 669 122 2.2 6
1–1–2 675 131 2.2 5.9
1–2–2 661 122 2.2 5.2
1–3–2 679 139 2 3.8
1–1–3 659 119 2.2 4.1
1–2–3 636 117 2.1 7.1
1–3–3 663 128 2 10.2

Paper Dalton Transactions

14958 | Dalton Trans., 2025, 54, 14954–14961 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 3

:3
0:

00
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt01479d


of methanol or water. Three of those samples were synthesized
by maintaining a constant water : trichlorosilane ratio of 1 : 1
while varying methanol ratios from 4 to 8. Similarly, the
remaining three samples were prepared by keeping the
methanol : trichlorosilane ratio (1 : 1) constant and altering
water molar ratios from 4 to 8. Polymers synthesized from
these precursors (Fig. S6) have three main absorption bands in
FTIR that are associated with H–Si, Si–O–Si, and H–Si–O
vibrations. The deconvolution of the Si–O–Si stretching band
reveals the formation of higher network-type structures in
nearly all samples, with the exception of those synthesized
using a 1 : 1 : 4 trichlorosilane : water : methanol ratio (Fig. S7).
Fig. 5A shows the deviations between the predicted and experi-
mentally determined cage-type structure percentages. Under
conditions of higher water concentrations, the model overesti-
mated the cage content by approximately 17% on average. In
contrast, samples synthesized with higher methanol amounts
in the reaction mixture exhibited minimal deviations, ranging
from 0.44% to 6%. These supplementary experimental results
reinforce the predictive accuracy of our RSM model across a
wide range of precursor ratios, supporting its robustness in
predicting the structural contents of HSQ polymers.

Next, we examined the photoluminescence properties of
alkyl-stabilized SiNCs derived from polymers synthesized by
using selected molar ratio points. As shown in Fig. S8A, the
XRD patterns of the resulting SiNCs are consistent with the
patterns of the samples used to generate the model, as well as
previously reported diffraction patterns, confirming the crystal-
line nature of the materials. The corresponding photo-
luminescence (PL) spectra of alkyl-stabilized SiNCs are pre-
sented in Fig. S8B. We note that samples 1–1–8, 1–4–1, and

1–8–1 exhibit PL spectra with non-Gaussian profiles. These
deviations likely originate from a combination of broader size
distributions and surface-related effects. In particular, incom-
plete surface passivation may introduce multiple emissive
states that distort or broaden the emission features, while vari-
ations in nanocrystal size can lead to a heterogeneous distri-
bution of bandgap energies, resulting in asymmetric or broad-
ened PL spectra. Table S8 summarizes the PL peak maxima,
FWHM, and crystallite sizes. Fig. 5B shows the deviations
between predicted and experimentally determined PLQY
values. Conversely to the cage-type structure predictions for
the polymer precursor, the predicted PLQY values of the alkyl-
stabilized SiNCs were substantially overestimated by Scheffé’s
polynomial model. These findings indicate a weak correlation
between the PLQY of the SiNCs and the amount of cage and
network structures in the HSQ polymer, implying that other
factors—such as the degree of surface passivation, the pres-
ence of defects on the surface, nanocrystal size distribution, or
differences in the alkyl ligand coverage—may play a more criti-
cal role in determining PLQY and should be considered in
future model refinements.

Conclusions

In summary, we synthesized silsesquioxane polymers using
hydrolysis and condensation reactions. By controlling the pre-
cursor composition, we varied the fraction of cage- and
network-type structures. We characterized the relative amounts
of cage- and network-type structures using FTIR absorption
spectra. We developed an RSM model that predicts the
relationships between experimental synthesis parameters
(molar ratios) and polymer structure. With the RSM model, we
found that lower concentrations of trichlorosilane in the reac-
tion mixture form silsesquioxane polymers with a lower cage :
network ratio. Additionally, we successfully processed the
polymer into alkyl-stabilized SiNCs, which had PL peak posi-

Fig. 4 Prediction of PLQY (%) values of alkyl-stabilized SiNCs with RSM
using precursor molar ratios as input variables. The colored circles rep-
resent the experimental data used to fit Scheffé’s polynomial model.

Fig. 5 Deviations between predicted and experimentally determined
values for (A) cage-type structures (%) in HSQ polymers and (B) photo-
luminescence quantum yield (PLQY, %) of alkyl-stabilized SiNCs syn-
thesized from selected precursor molar ratios. In both plots, the y-axis
represents the relative deviation (Predicted − Experimental)/Predicted ×
100, while the x-axis corresponds to the percentages of methanol in the
trichlorosilane/water/methanol reaction mixture.
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tions ranging from 636 nm to 689 nm and PLQY between 3%
and 10%. The RSM analysis determined a correlation between
precursor chemistry, polymer structures, and PLQY values,
suggesting that silsesquioxane polymers with lower cage :
network ratios yield NCs with higher PLQY; however, the lower
R2 value (0.89) for fit indicates a weak correlation between the
PLQY of the SiNCs and precursor ratios. This suggests that
other factors—such as surface passivation, defect density,
nanocrystal size distribution, and ligand coverage—may have a
stronger influence on the photoluminescence (i.e., PLQY) of
SiNCs. Future work should focus on investigating the influence
of these additional factors on the optical properties of SiNCs,
namely PLQY. A deeper understanding of these aspects will be
crucial for the development of high-quality SiNCs with
enhanced optical properties, which are essential for appli-
cations in next-generation nanoscale optoelectronic devices.
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