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ABSTRACT: Two-dimensional silicon nanosheets (Si-NS) synthe- A) Structural Model of Si Nanosheets
sized by topotactic deintercalation of CaSiz are hypothesized to consist - ~ o
of buckled layers of sp* hybridized silicon atoms that are bonded to three CH ‘ 1

other framework Si atoms and a terminal atom or functional group such
as H, Cl or a hydroxyl. Here, we apply 'H{**Cl} and *Si{**Cl} Reso-
nance-Echo Saturation-Pulse DOuble-Resonance (RESPDOR) solid-
state NMR experiments to directly confirm the presence of chlorinated
Si atoms within Si-NS. Plotting the 'H{3*Cl} RESPDOR dephasing as a
function of the *Cl saturation pulse offset reveals the **Cl quadrupolar
coupling constant ( Cq) is 38 MHz, consistent with Cl atoms that are co-
valently bound to silicon. Modelling the "H{**Cl} RESPDOR dephasing
curve shows that the Si-Siinterlayer spacing is approximately 6 A. Plane-
wave DFT calculations imply that the direct band gap transition of the
Si-NS decreases with increasing chlorination, suggesting that chlorina-
tion can be used to tune the band gap.

B) #*Si NMR Spectra g5 4
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Introduction SiS iBOH

Two-dimensional silicon nanosheets (Si-NS) have attracted considera-
ble attention for their potential as next-generation semiconductors for
many electronic, optoelectronic, spintronic, energy storage and catalytic
applications.'"* One route to making Si-NS is to perform topotactic de-
intercalation of alkali metal silicides, such as calcium disilicide (CaSi,).
CaSiz is de-intercalated by reacting it with aqueous HCl solution at ca. -
30 °C. The resultant Si-NS are thought to adopt a buckled layered struc-
ture where each Si atom is bonded to three other framework Si atoms

cP-
CPMG 1

and a terminal atom/functional group (SiSi;X, Figure 1A). We previ- Trec. delay™
ously used 1D and 2D 'H and **Si solid-state NMR experiments to show . 0 min
that the majority of the Si atoms are terminated with H atoms (SiSizH), - ‘

leading to the conclusion that the structure of Si-NS can be best de- (I B e e I e e e e B e e
scribed as “silicane”."" However, *Si solid-state NMR spectra reveal ad- 0 -50 -100 -150
ditional NMR signals hypothesized to arise from OH and Cl terminated 2Gi Chemical Shift (ppm)

Si atoms (SiSisOH and SiSisCl, Figure 1A). Energy-dispersive X-ray

spectroscopy (EDS) images, infrared spectroscopy (IR), and X-ray pho- Figure 1. (A) Representative structural model of Si-NS contain-
toelectron spectroscopy (XPS) also suggest the presence of Cl termi- ing SiSisH, SiSi:OH and SiSisCl groups. Note, this structure was
nated silicon atoms in Si-NS.!* not obtained with quantum chemical calculations. (B) 1D (upper,
The hypothesis that Si-NS are partially chlorinated is intriguing because middle) '"H—*Si CP-CPMG and (lower) direct excitation *’Si
halogenated Si-NS have been computationally predicted to exhibit NMR spectra of Si-NS. The dashed, red line corresponds to an an-
smaller electronic band gaps as compared to fully hydrogenated Si-NS alytical fit.
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Figure 2. (A) 2D 'H»>*Si (A) LG-CP HETCOR NMR spectrum of Si-NS recorded with an 8.928 kHz MAS frequency, CPMG during *Si acquisition
and '"H eDUMBO1.2; homonuclear dipolar decoupling during 'H chemical shift evolution. (B) *Si NMR spectra extracted from the indicated rows
of the 2D HETCOR spectrum at 'H shifts of (red) 1.4 or (blue) 4.1 ppm. The black dashed lines correspond to analytical simulations and the indi-
vidual fitted peaks are shown below each row. A 1D "H>*Si CP-CPMG spectrum recorded with a 7 ms contact time is shown for comparison (brown

trace).

(silicane).'**! For example, chlorination or fluorination of Si-NS were
predicted to decrease the electronic band gap by 0.78 or 1.29 eV, respec-
tively.' Interestingly, prior density-functional theory (DFT) calcula-
tions suggested that the band gap could be tuned between 2.2 and 0.62
eV by controlling the extent of fluorination of polysilane.'* Similar
trends in band gap tunability were predicted for chlorinated german-
ane,* the germanium based analog of silicane.”® Therefore, the identifi-
cation of Cl terminated Si sites in Si-N§ is highly important for under-
standing its electronic structure and optoelectronic properties.

It is generally challenging to probe the molecule structure of chlorinated
sites in inorganic materials. Energy-filtered microscopy and XPS are
commonly used to reveal Cl atoms but provide limited information
about the chemical structure. *Cl has a nuclear spin of 3/2, a natural iso-
topic abundance of 75% and a gyromagnetic ratio close to that of *N,
making it appealing for solid-state NMR experiments. However, acqui-
sition of **Cl solid-state NMR spectra is often challenging because quad-
rupolar signal broadening results in central-transition (CT) NMR spec-
tra that are typically megahertz broad, especially for terminal, covalently
bonded Cl atoms.?**” *Cl solid-state NMR spectra are generally ob-
tained under static conditions with Car-Purcell-Meiboom-Gill
(CPMG) and frequency-stepped acquisition techniques.**” Unfortu-
nately, static *Cl solid-state NMR experiments often suffer from poor
sensitivity and resolution. Here, we show that 'H{**Cl} and *Si{*Cl}
Resonance-Echo Saturation-Pulse DOuble-Resonance (RESPDOR)
NMR experiments can be used to directly confirm the presence of chlo-
rinated Si atoms in Si-NS. This approach should be generally applicable
to rapidly detect the presence of Cl substituents in inorganic materials at
routinely accessible magnetic fields.

Results and Discussion

Si-NS were synthesized via the topotactic deintercalation of CaSi: in
aqueous HCl at ca. 30 °C; CaSi, was prepared via the melting of ele-
mental Ca and Si.'" > Note that the CaSi» used here was of very high
purity and did not contain iron or bulk silicon impurities typically found
in commercial CaSi>.'""> SEM EDS analysis indicates that the material
studied here has a Si:Cl atomic ratio between 5.7 to 6.3 (Figures S1 and
S2, Table S1, see Supporting Information for more discussion). Con-
sistent with these results, our prior SEM EDS analysis of a different sam-
ple of Si-NS gave Si:Cl atomic ratios between 8 to 5.3, depending upon
the portion of the sample that was imaged." Yamanaka et al. used

gravimetric analysis and measured an Si:Cl atomic ratio of 5.2 for Si-NS
synthesized under similar conditions as the materials studied here.”> We
note that Yamanaka et al. attributed the presence Cl to HCI gas which
was intercalated in between the silicon layers. However, as is shown be-
low, NMR conclusively proves that Cl is covalently bonded to the Si at-
oms of the Si-NS.

Magic angle spinning (MAS) ?Si solid-state NMR spectra of Si-NS
were recorded with either direct excitation or 'H—%Si cross-polariza-
tion (CP) and CPMG for detection (Figure 1B). The 'H—*Si CP-
CPMG NMR spectrum recorded with a long CP contact time (tcp = 8
ms) reveals three broad *Si NMR signals centered at ca. 10, -5 and -
100 ppm. Only the *Si NMR signal at ~100 ppm was observed with the
use of a short CP contact time (Tcp = 0.5 ms), confirming the assignment
of the —100 ppm NMR signal to H terminated Si atoms (SiSi;H)."! We
have also previously used 'H—?Si scalar-based (refocused INEPT)
NMR experiments to confirm the assignment of SiSisH NMR signals."
As discussed below, the **Si NMR signals at ca. 10 and -5 ppm corre-
spond to Si atoms terminated with an OH group (SiSisOH) or Cl atom
(SiSisCl), respectively. We previously used **Si homonuclear correla-
tion NMR experiments to demonstrate that the SiSi:OH and SiSisCl
NMR signals arise from silicon atoms that are covalently bonded to
SiSi;H units."" A quantitative direct excitation *Si NMR spectrum re-
veals that ca. 70 % of the Si atoms are H terminated, while SiSi;OH and
SiSi;Cl correspond to ca. 10 and 20 % of Si atoms, respectively (Figure
1B, Figure S3 and Supporting Information for more discussion). NMR
indicates 20% of the Si atoms are Cl terminated, corresponding to an
Si:Cl atomic ratio of 5. Thus, NMR and SEM EDS show reasonable
agreement for the measured ClI content, with the minor discrepancies
likely arising because the SEM EDS measurements are surface-

weighted.

Previous plane-wave density functional theory (DFT) calculations'
and the calculations shown here for chlorine and hydroxyl terminated
Si-NS (vide infra) suggest the 2*Si NMR signals at 10 ppm and -5 ppm
likely correspond to Siatoms terminated with OH groups and Cl atoms,
respectively. To experimentally confirm the presence of SiSi:OH, we
recorded a 2D 'H—?Si Lee-Goldberg CP (LG-CP) heteronuclear cor-
relation (HETCOR) NMR spectrum?® * with 'H eDUMBO1.22 homo-
nuclear decoupling® applied during 'H chemical shift evolution (Figure
2A). LG-CP suppresses 'H-'"H spin-diffusion during the CP step and



yields a spectrum primarily free of relayed correlations.’® * The 2D
"H—*Si LG-CP HET COR spectrum reveals two 'H NMR signals at 1.4
and 4.1 ppm. The '"H NMR signal at 4.1 ppm corresponds to the Si-H
hydride atoms and correlates with all *Si NMR signals."" All Si NMR
signals are observed due to the use of along CP contact time and because
SiSisH groups are homogenously distributed throughout the material.
The 1.4 ppm '"H NMR signal also correlates with all *Si NMR signals,
suggesting the SiSisH groups are also homogenously distributed across
the sheets. However, the *Si NMR signal at 10 ppm exhibits increased
relative signal intensity in the row taken at a "H chemical shift of 1.4 ppm,
suggesting this >*Si NMR signal corresponds to Si terminated with an
OH group (Figure 2B). The 'H shift of 1.4 ppm is also typical for non-
hydrogen bonded silanols, further corroborating our assignment.***
The assignment of 1.4 ppm 'H NMR signals to hydroxyl groups is also
consistent with the absence of the these "H NMR signals from previ-
ously acquired 2D 'H{*Si} INEPT correlation spectra;'* a 2-bond *’Si-
'H scalar coupling is likely too weak to generate observable correlations
in an INEPT experiment. But, the close spatial proximity of the OH hy-
drogen atom and the silicon atom (ca. 2.1 A) explain the correlations
observed in the LG-CP HETCOR spectrum.

Next, we performed »Si{*Cl} phase-modulated RESPDOR (PM-
RESPDOR)** NMR experiments to probe Cl terminated Si atoms. In
the *Si{>*Cl} RESPDOR experiments rotational echo double resonance
(REDOR)* pulses were applied to the Si spins to recouple dipolar in-
teractions to 3*Cl spins. In a *Si{3*Cl} PM-RESPDOR experiment, the
»Si NMR signal will decrease in intensity due to the application of a *°Cl
saturation pulse, provided the *Si spin is in close spatial proximity (di-
polar coupled) to 3*Cl. The rate of signal dephasing is dependent on the
inverse cube of the Si-Cl internuclear distance. The ¥Si{3*Cl} PM-
RESPDOR dipolar dephasing curve shows that both *Si NMR signals
at ca. -5 and -100 ppm exhibit significant signal dephasing, directly con-
firming that Cl is incorporated within the sheets (Figure S4). However,
the rate of signal dephasing is much faster for the -5 ppm **Si NMR sig-
nal. Numerical simulation of the ?Si{**Cl} RESPDOR experiment sug-
gests that the Si-Cl internuclear distance is 2.1 A, confirming that the —
S ppm **Si NMR signal corresponds to Cl terminated Si atoms (SiSisCl,
Figure S4). We note that Si{>*Cl} PM-RESPDOR dephasing curve
contains a significant amount of error due to the low sensitivity of the
experiment. The #Si{**Cl} RESPDOR experiment is challenging be-
cause of (1) the low natural abundance of *Si (S %), (2) the large *Cl
quadrupolar coupling constant ( Cq) of ca. 38 MHz (see below), and (3)
a low ¥Cl saturation pulse radio-frequency (RF) field of 16.5 kHz that
was achievable with the 4.0 mm HXY probe used for experiments.

To alleviate the challenges associated with the *Si{**Cl} PM-
RESPDOR experiment, we turn to fast magic angle spinning (MAS)
'H{3Cl} NMR experiments. The indirect detection of **Cl through 'H
is beneficial because 'H exhibits a significantly higher gyromagnetic ra-
tio than *Si and 'H is ca. 100 % abundant. In addition, the use of a fast
MAS probe equipped with a 1.3 mm diameter RF coil and use of a dou-
ble resonance probe configuration enables access to higher **CI RF fields
of ca. 85 kHz that can provide significant signal dephasing in RESPDOR
experiments.

1D 'H{**Cl} double-echo (DE) RESPDOR® NMR spectra were rec-
orded with or without a **Cl saturation pulse and a 50 kHz MAS fre-
quency (Figures 3A and 3B). In the DE RESPDOR experiments super-
cycled ($)R4* symmetry-based recoupling® was applied to the 'H
spins. The application of *Cl saturation pulse (T« = 80 ps, vi(*Cl) =
85 kHz) at an offset of 0 MHz from the reference *Cl Larmor frequency
caused significant 'H signal dephasing, confirming the presence of Cl at-
oms in Si-NS. The *Clfiltered "H NMR spectrum was acquired in ca.
10 min with only ca. 5 mg of sample, demonstrating that "H-detection

enables the rapid detection of Cl within inorganic materials. This is not
too surprising as all '"H nuclei are effectively dipolar coupled to **Cl be-
cause SiSi3Cl groups are homogenously distributed throughout the sam-
ple. The DFT optimized models of the 20% Cl terminated Si-NS (vide
infra) suggest that the closest 'H-3*Cl internuclear distances are approx-
imately 2.7 A (intersheet) and 3.4 A (intrasheet), corresponding to 'H-
3Cldipolar coupling constants of 598 Hz and 300 Hz, respectively. Fur-
thermore, each 'H spin will be dipole coupled to several *Cl spins on
average, which further accelerates dipolar dephasing as compared to iso-
lated spin pairs.
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Figure 3. (A) 'H{**Cl} DE-RESPDOR pulse sequence. (B) 1D
'H{**Cl} DE-RESPDOR spectra recorded (red) with or (black) with-
out a *Cl saturation pulse and SR4% dipolar recoupling applied for a
total of 6.4 ms. The difference spectrum is shown below. (C) Plot of
'H{>*Cl} DE-RESPDOR signal dephasing as a function of the *Cl
transmitter offset. The circles and lines correspond to experimental
data points and numerical SIMPSON simulations, respectively. Simu-
lations are shown for the best fit 3*Cl Cqy of 38 MHz (orange ) and a
35Cl Cq of 40 MHz (green) which was predicted by plane-wave DFT
calculations. Experiments were performed with a B of 14.1 T and a 50
kHz MAS frequency.

In order to fit the RESPDOR dephasing curves (Figure 4) and confirm
that the Cl atoms are covalently bonded to Si the *Cl quadrupolar cou-
pling constant (Cq) must be measured. Plane-wave DFT calculations
predict that the average *Cl Cq is 40 MHz (standard deviation of 0.4
MHz), similar to the Cq values of 38.4 MHz to 39.5 MHz previously
measured with nuclear quadrupole resonance (NQR) spectroscopy for
perchloropolysilanes.® Unfortunately, static **Cl WURST-CPMG ex-
periments****** on Si-NS did not yield any NMR signal after ca. 3 hours
of acquisition (Figure SS). Based on the large predicted Cq of 40 MHz



for Si-NS and the bandwidth of the WURST pulses, ca. 20-25 subspectra
would be required to observe the entire quadrupolar powder pattern of
Si-NS, making the static experiment impossible at a magnetic field of
14.1 T orless. In comparison, high signal-to-noise *ClWURST-CPMG
NMR signal was observed for transplatin in only ca. 8.5 minutes (Figure
SS). Transplatin was used for comparison here because it has a Cl wt.%
of 25 % and a ¥Cl Cqy of ca. 35 MHz, both of which are similar to Si-
NS.*® We note that we also attempted **Cl nuclear quadrupole reso-
nance (NQR) experiments on the Si-NS to measure the ¥Cl Cq, how-
ever, we could not observe any signal, like because of a distributionin Cq

which would broaden the NQR signals.

With the failure of the *Cl WURST-CPMG and NQR experiments on
the Si-NS a different strategy was required to measure the 3*Cl NMR
spectra and Cq. Dipolar dephasing experiments have previously been
used to indirectly detect wideline "N, ’Al and "**Pt NMR spectra via a
spy nucleus such as "H or *C.5¢! In these experiments, the spectrum of
the indirectly detected nucleus is mapped out by plotting the observed
dephasing as a function of the frequency offset of the saturation/inver-
sion pulses that are applied to the indirectly detected spin. Recently, we
described similar techniques to indirectly map out high-resolution,
wideline MAS '**Pt NMR spectra through a spy nucleus such as 'H, *C
or 3'P.%* Motivated by these prior studies, we performed "H{**Cl} DE-
RESPDOR experiments on Si-NS where the offset of the **Cl saturation
pulse offset was varied in steps of 500 kHz over a range of +3 to -4 MHz
(Figure 3C). Plotting the signal dephasing as a function of the *Cl satu-
ration pulse offset enables the reconstruction of the MAS *Cl central
transition (CT) quadrupolar powder pattern for the Si-NS (Figure 3C).
Notably, the 'H-detected *CINMR spectrum of the Si-NS was acquired
in only 1.4 hours at B = 14.1 T. Numerical simulations of the 'H{*Cl}
DE-RESPDOR dephasing profile suggest that the *Cl Cq is ca. 38 MHz
(with = 0), in good agreement with the average *Cl Cq value of 40
MHz predicted by plane-wave DFT calculations.

We also performed similar 'H{**Cl} DE-RESPDOR experiments on
transplatin to confirm that this method provides accurate measurements
of the ¥*Cl Ch. Excellent agreement was observed between the values of
35Cl Cq determined with DE-RESPDOR and WURST-CPMG (Figures
SS and $6).25 The *Cl CT NMR spectrum of transplatin was acquired
in just under 30 minutes with RESPDOR as compared to 3 hours for the
static WURST-CPMG experiment. We note that in all '"H{>*Cl} DE-
RESPDOR experiments there is significant '"H NMR signal dephasing
even when the *Cl offset is off-resonance from the CT pattern. This
dephasing arises due to saturation of the satellite transitions. To the best
of our knowledge, this is the first demonstration of indirect detection of
wideline spin 7= 3/2 CT solid-state NMR spectra which are more than
1 MHz in breadth. Further investigation of the generality of RESPDOR
experiments for indirect detection of /= 3/2 nuclei are underway.

With knowledge of the ¥*Cl Cq, the 'H{**Cl} DE-RESPDOR dephasing
curve for the Si-NS can be modelled (Figure 4). To accurately simulate
the dephasing curve, we built 20 Si-NS structural models, each consist-
ing of two layers stacked on top of each other (Figure 4A). Within each
model a Monte Carlo procedure was used to randomize the Cl positions
based on the 20 % SiSi;Cl population determined from direct excitation
»Si NMR spectra and the *Cl natural abundance of 75 %.

In these models, we considered only the central H atom (colored red in
Figure 4A) and calculated the internuclear distances between this H
atom and all Cl atoms (Figure 4B). Multi-spin 'H-*Cls (2= 1 - 3) nu-
merical simulations were performed for all 'H-**Cl spin pairs withina 5
A distance (Figure S7). Longer-range 'H-3*Cl dipolar couplings were ac-
counted for by running a two-spin 'H-**Cl numerical simulation that
uses the calculated root sum square of the dipolar coupling constants for
'H-3Cl spin pairs with a distance > § A and (see Supporting Information

for more details about the fitting procedure). We then averaged the
multi-spin numerical simulations over the ensemble of all 20 structures
to obtain a curve that represents a random distribution of SiSisCl species
within Si-NS. Inclusion of long-range couplings is crucial to reproduce
signal dephasing at recoupling durations longer than 3 ms (Figure S8).
The shape of the dephasing curve is sensitive to the Si-Si interlayer spac-
ing because interlayer distance is inversely correlated to inter-sheet "H-
3Cl dipolar couplings. Therefore, Si-Siinterlayer spacings within the en-
semble was set to S A, 6 A, or 7 A. Comparison of the numerically simu-
lated "H{**Cl} DE-RESPDOR dephasing curves with the experimental
dephasing curve reveals an interlayer spacing of ca. 6 A gives best agree-
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Figure 4. (A) 1 of 20 structural models of Si-NS with randomized po-
sitions of (orange) *Cl nuclei. The central, red H atom indicated by
the arrow corresponds to the 'H spin of interest. (B) General
RESPDOR fitting procedure (see main-text and Supporting Infor-
mation) for more details. (C) 'H{**Cl} DE-RESPDOR dephasing
curves. The (black) circles correspond the experimental data points.
The lines correspond to numerical simulations for Si-Si interlayer dis-
tances of (blue) S, (orange) 6 or (green) 7 A

ment with the experiments. This result is in excellent agreement with the
spacing we determined in our previous synchrotron X-ray diffraction
study." Lastly, we used plane-wave DFT calculations to construct ge-
ometry optimized models of Si-NS containing 0, 20, 50 or 100 % ClI ter-
mination and a model with 20% Cl termination and 10% OH termina-
tion (Figure S and Figure S9). The calculations predict that the Si-Si in-
terlayer distance increases with increasing chlorination to accommodate
the longer Si-Cl bond length. The average interlayer spacing of 6.2 Afor



A) DFT Optimized Structures

0 % CI Termination

20 % CI Termination

5.0 A

10 % OH, 20 % CI
Termination

100 % CI Termination

B) DFT Calculated ?°Si NMR Spectra C) DFT Calculated Electronic Properties
SiSi,H 120 -
L 3 20 % ClI -Total - Si p 20 % ClI
SiSi,OH \ S 2 H 50 %Cl $1004-H s %
n ! ! T T s 8 q0%ci| g g TCP
Spln 1 rec. delay % 1.5 o ] O o 80
Echo /™, 60 min 8 20% Cl & of & 607
. g 14 10%OH & 40-
DFT ' ! 0% Cl S 054 @LowestBand Gap 8 201
: : ol o Direct Transition @ I
Trrr[rrrprrrrerrprrry
(. 0 02 04 06 08 1 1510 -5 0 5 10
DFT_, : “Illllll" 20 % CI Cl + OH Fraction Energy (eV)
oeT Lo |' 10 % OH
0,
T ! 0%C 107ggss %o _ L] -oa 700 % CI
[ ! >1004-Hs -Sip 20%Cl| = -Sis
o -Os 26 -Sip
DFT .} 1L 50%c 8§ 83-0p -Cip 8 s
S 60 S 44ff Clp
| | 1 [5) n
[ 1 o 40 prs 3
DFT 1 1 I 100%¢ 8 8 2
LI II |I LI I LI I. LI | LI a o 1
0 -50 -100 -150

2Sj Chemical Shift (ppm)

-20-15-10 -5 0 5 10

15 -10 -5 0 5
Energy (eV)

10
Energy (eV)

Figure S. (A) DFT optimized structures of Si-NS containing 0, 20, or 100 % Cl termination and a model with 20% Cl and 10% OH termination. (B)
Comparison of the (upper) experimental >Si NMR spectrum of Si-NS with (lower) *Si NMR spectra predicted by DFT plotted as histograms. (C)
DFT calculated electronic band gaps and densities of states. Direct and indirect band gaps are indicated within the figure.

the 20 % Cl, 10% OH terminated model is in excellent agreement with
the value of 6 A determined from the 'H{3CI} DE-RESPDOR dephas-
ing curve. Interestingly, the models with partial chlorination or hydrox-
ylation exhibit slightly distorted sheets as compared to the 0 or 100 % ClI
terminated models (Figure SA and Figure S9). GIPAW® ¢ calculated
chemical shifts predict large distribution in the **Si chemical shifts for
models with intermediate chlorine content and partial hydroxylation, in
good agreement with the experimental *Si NMR spectrum (Figure SB).

We also calculated the electronic band structures and densities of states
(DOS) for all Si-NS models (Figure SC, see Supporting Information
Figures S10 to S14 and additional discussions). Fully hydrogenated Si-
NS (0 % Cl) exhibits a direct transition of 2.1 eV at the zone-center I
and a slightly lower indirect band gap of 2.0S eV between A-I" (Figure
SCand S10). 20 % chlorination slightly narrows the band gap (2.04 eV,
(Figure SC and S11). S0 % chlorination is predicted to significantly de-
crease the direct transition by ca. 0.32 eV (band gap = 1.73 eV; Figure
SC and S12). The model with 20% chlorination and 10% hydroxyl ter-
mination is predicted to have a direct band gap of 1.68 eV, which is be-
low the predicted band gap of the 50% chlorinated structure. Fully chlo-
rinated Si-NS exhibited the smallest band gap of 1.17 eV ( Figure SC and
S10). The presence of a tunable direct transition via the chlorination and
hydroxylation of Si-NS should provide new pathways for the synthesis

of 2D silicon semiconductors for many material science applications. Ex-
perimentally, the controlled chlorination of Si-NS is likely feasible via
the reaction of hydrogenated Si-NS with PCls or Cl, as these reagents
have been utilized for the chlorination of H-terminated Si(111) sur-
faces.®* We hypothesize that controlled hydrolysis of chlorinated sites
could then be used to modulate the hydroxyl group content. Further cal-
culations should be performed to assess how varying the Cland hydroxyl
content could be used to tune the band structure.

Conclusions

"H{>Cl} and ¥Si{**Cl} RESPDOR solid-state NMR experiments re-
vealed chlorinated Si atoms in predominantly hydrogenated Si-NS. A
quantitative **Si NMR spectrum showed that ca. 70 % of Si atoms are
terminated with H atoms, while ca. 20 and 10 % of Si atoms are termi-
nated by Cl and OH, respectively. The presence of hydroxyl groups was
confirmed with "H-*Si LG-CP HETCOR NMR experiments. Fast MAS
'H{3Cl} DE-RESPDOR experiments enabled the rapid detection of Cl
within Si-NS. Importantly, we were able to indirectly observe the entire
»3Cl CT NMR spectrum by stepping the *Cl saturation pulse offset
across the quadrupolar powder pattern in only ca. 1.4 hours at 5 = 14.1
T. The determined *Cl Cq of 38 MHz was in close agreement with that
predicted by plane-wave DFT calculations (40 MHz). With knowledge



of the 3*Cl Cq, the "H{**Cl} RESPDOR dephasing curve could be mod-
elled and revealed that the Si-Si interlayer spacing is ca. 6 A. Lastly,
plane-wave DFT predicted electronic band structures suggest that in-
creasing chlorination leads to the emergence of a direct transition that
decreases with increasing chlorination. The calculations also suggested
that termination of silicon atoms with hydroxyl groups can also signifi-
cantly reduce the band gap. The presence of a tunable direct band gap
should enable the tailoring of 2D silicon semiconductors for many ma-
terial science applications. 'H{X} RESPDOR is a general method to rap-
idly map out CT quadrupolar powder patterns for /= 3/2 nuclei and that
X{*Cl} RESPDOR should be applicable to detect the presence of Cl
substituents in many inorganic materials and catalysts. Our groups are
exploring further research along these lines.

Experimental

Synthesis of Silicon Nanosheets (Si-Ns). Si-NS were synthesized via our
previously reported procedure.'" '* In summary, CaSi, was prepared by
melting Si and Ca (1:2 molar ratio of Ca to Si) in a sealed Ta tube inside
an Ar-filled glovebox for ca. 1 minute. While the contents were still mol-
ten, the Ta tube was carefully inverted for a few minutes until the mate-
rial started to solidify. This procedure of heating and cooling was re-
peated four times. On the final step, the Ta tube was cooled with Al chips
and washed with first HCI and then DI water. The material was then
dried and transferred back into the glovebox. The synthesized CaSi> was
then ground in an N»-filled glovebox. Approximately 3 g of the ground
CaSi> was placed in a vial and cooled to -35 °C under N overnight. Ap-
proximately 300 mL of concentrated aqueous HCI solution was added
to a separate 500 mL round-bottom three-neck flask and cooled to -35
°C under N overnight. The chilled CaSi, was added to the HCl solution
the next day under a flow of Nz and the reaction sat unstirred for 11 days.
The contents of the reaction were filtered and washed with ca. 250 mL
of anhydrous methanol and then ca. S0 mL of anhydrous acetonitrile un-
der a flow of Na. The Si-NS product was dried under vacuum for ca. 80
hours and stored inside a glovebox. Samples for solid-state NMR exper-
iments were packed into the rotors inside of a glovebox.

Scanning electron microscopy (SEM) with energy dispersive X-ray
spectroscopy (EDS). SEM-EDS was performed with a FEI Quanta 250
field-emission scanning electron microscope (FE-SEM) equipped with
an Oxford Instruments X-Max 80 mm?2 silicon drift detector. The Si-NS
sample was prepared for characterization in a glovebox filled with N, by
depositing the sample on a double coated, high purity conductive car-
bon Spectro tab (Ted Pella, Inc., #16084-4) affixed atop an aluminum
SEM pin stub (Ted Pella, Inc., #16111). Specifically, a small quantity
(approximately 5-10 mg) of the Si-NS sample was placed on a sheet of
weighing paper and uniformly spread out across an area of 1.5 cm* The
carbon tab covered pin stub was then carefully pressed against the sam-
ple until the desired level of sample coverage was achieved. The stub was
transferred to a glass vial with an SEM pin mount gripper and was lightly
tapped against the vial wall to knock off any loosely adhered sample. To
minimize potential oxygen exposure during transportation to the char-
acterization facility, the threads of the vial were wrapped with at least
three full rotations of PTFE plumber’s tape prior to caping while, after
capping, three full rotations of electrical tape were wrapped around the
cap/vial interface. The vial was kept in the glovebox until needed and in
the N»-filled vial until immediately before loading into the SEM. Prior to
loading, the sample-coated stub was briefly blown off with compressed
air to further remove any loosely adhered Si-NSs. During the loading
and instrument preparation process, the Si-NS sample was exposed to
air for no more than 10 min. The FE-SEM was operated at an electron
accelerating voltage of 10 kV and the sample was characterized in low
vacuum mode with a water vapor pressure of 40 Pa to minimize charging
effects. For the EDS analyses, both targeted area spectra and elemental

mapping were acquired with acquisition times of 30 sec and approxi-
mately 10 min, respectively. For the former, twenty different areas were
assessed, including different stacks of nanosheets and multiple areas
across an individual stack, while for the latter, elemental mapping was
conducted on four distinct areas. All EDS data was initially processed
with Oxford Instruments AZtec software prior to conducting statistical
analyses and plotting.

Solid-State NMR Spectroscopy. Solid-state NMR spectroscopy experi-
ments were performed on either a ("H-*Si and *Si-*Cl experiments)
9.4 T Bruker wide-bore magnetic equipped with a Bruker AVANCE III
HD console and either a Bruker (H-33Cl of transplatin) 1.3 mm HX or
(all other experiments) 4.0 mm HXY magic-angle spinning (MAS)
NMR probe or a ("H-*Cl experiments) 14.1 T Bruker wide-bore mag-
net equipped with a Bruker AVANCE NEO console and a Phoenix 1.3
mm HXY MAS NMR probe. All experiments utilized N gas for spin-
ning. 'H chemical shifts were referenced to 1 % tetramethylsilane
(TMS) in CDCl; with adamantane (dio("H) = 1.71 ppm) as a secondary
chemical shift reference. **Si chemical shifts were indirectly referenced
to neat TMS using the IUPAC recommended relative NMR fre-
quency.”” NMR spectra were processed in Bruker Topspin (AVANCE
III HD data) 3.6.1. or (AVANCE NEO data) 4.0.7. All experimental
NMR parameters are given in Table S3.

The following experimental details are with respect to data acquired at
Bo=9.4 T with the 4.0 mm HXY NMR probe (i.e., 'H-*Si, Si-**Cl, and
static **Cl experiments). '"H /2 and 7t pulses were 2.5 and 5.0 ps in du-
ration, respectively, corresponding to a 100 kHz radio frequency (RF)
field. Si 7t/2 and 7 pulses were either ("H-*’Si experiments) S and 10
ps or (¥Si-*Cl) 7 and 14 ps in duration, respectively, corresponding to
50 or 35.7 kHz RF field, respectively. The **Cl RF field was calibrated
using the previous described heteronuclear Bloch-Siegert shift method
with adamantane as the sample.”* 'H>?Si cross-polarization (CP) was
achieved with a 10 kHz MAS frequency with simultaneous 'H and *Si
spin-lock pulses with RF fields of ca. 42 (85-100 % RF field ramp, i.e., ca.
36-42 kHz RF field) and 24 kHz, respectively. 'H>*Si CP was achieved
with an 8.928 kHz MAS frequency with simultaneous 'H and *’Si spin-
lock pulses with RF fields of ca. 57 (85-100 % REF field ramp, i.e., ca. 49-
57 kHz RF field) and 48 kHz, respectively. 'H>?Si Lee-Goldberg CP
(LG-CP) was achieved with an 8.928 kHz MAS frequency with simulta-
neous 'H and »Si spin-lock pulses with a ca. 44 and 43 (90-100 % RF
fieldramp, i.e., ca. 39-43 kHz) kHz RF field, respectively.*® The 'H trans-
mitter offset was ca. 31 kHz, yielding an effective spin-lock RF field of ca.
53 kHz. The 2D "H»*Si LG-CP HETCOR NMR spectrum was rec-
orded with 100 kHz '"H RF field of eDUMBO: 22 homonuclear dipolar
decoupling during the indirect dimension evolution of 'H chemical
shifts.” #Si{**Cl} PM-RESPDOR experiments were performed with a
10 kHz MAS frequency and a 1 ms (i.e., 10 rotor cycle) *Cl PM satura-
tion pulse with a ca. 16.5 kHz RF field.* The *Si{>Cl} PM-RESPDOR
experiments were recorded with a **Cl transmitter offset of ca. -1 MHz.
Resonance-Echo DOuble-Resonance (REDOR) dipolar recoupling
was applied to the *Si spins with a ca. 35.7 kHz RF field (14 ps 7t pulse)
to re-introduce the *Si-*Cl dipolar interaction under MAS. 'H»*Si CP
was performed at the beginning of the experiment to increase overall
sensitivity. All directly detected *Si NMR spectra (except for the Si
spin echo spectra) were recorded with Car-Purcell-Meiboom-Gill
(CPMG) detection to increase sensitivity.”> 100 kHz 'H RF field
SPINAL-64 heteronuclear decoupling was performed throughout the
entire ®Si{>*Cl} PM-RESPDOR experiment and during the acquisition
of all Si spectra.”* Static **Cl WURST-CPMG experiments were per-
formed with WURST pulses that were 50 ps in duration and with a
sweep width of 800 kHz.**5*3* Each echo in the CPMG train was 90 [is
in duration. A total of 100 echoes were acquired. 50 kHz 'H RF field



SPINAL-64 decoupling was performed throughout the entire static ex-
periments.” 'H{*Cl} DE-RESPDOR spectra of transplatin were rec-
orded with the 1.3 mm HX NMR probe and a 50 kHz MAS frequency.
The 'H 71 of transplatin was ca. 17 s; all experiments utilized a 5 s recycle
delay. '"H{**Cl} DE-RESPDOR experiments were performed with 3Cl
saturation pulses that were 80 ms (4 X txt) in duration with a 80 kHz RF
field.** The SR4% heteronuclear dipolar recoupling sequence was ap-
plied to the 'H spins to re-introduce the 'H-*Cl dipolar interaction un-
der MASS! A control (without a **Cl saturation pulse) and dephased
(with a 3>Cl saturation pulse) point was recorded at each **Cl offset.

The following experimental details are with respect to data acquired at
By=14.1T (ie, '"H-¥Cl experiments). All 'H-*>CI NMR experiments
were performed a Phoenix HXY probe equipped with a 1.3 mm stator.
The MAS frequency was 50 kHz for all experiments. "H 11/2 and 7 pulses
were 2.5 and 5.0 pis in duration, respectively, corresponding to a 100
kHz RF field. The *Cl RF field was calibrated using the previous de-
scribed heteronuclear Bloch-Siegert shift method with adamantane as
the sample.”" 'H{3**Cl} DE-RESPDOR experiments were performed
with 35Cl saturation pulses that were either (dipolar dephasing curve) 30
ps (1.5 X Twot) or 80 ps (4 X twot) in duration and with RF fields of ca. 89
or 85 kHz, respectively.*® The 80 s saturation pulse was used for map-
ping of the *3Cl CT quadrupolar powder pattern. The SR4% heteronu-
clear dipolar recoupling sequence was applied to the 'H spins to re-in-
troduce the "H-**Cl dipolar interaction under MAS.*! The "H{**Cl} DE-
RESPDOR dipolar dephasing curve of Si-NS was recorded with a *°Cl
transmitter offset of ca. ~657 kHz. The **Cl channel of the NMR probe
was re-tuned for each **Cl transmitter offset used to indirectly map out
the 3Cl CT quadrupolar powder pattern. Only one control point (i.e.,
no *Cl saturation pulse) was recorded while dephasing points (i.e., with
a35Cl saturation pulse) were recorded at all *Cl transmitter offsets.

Numerical Solid-State NMR Spectroscopy Simulations. Numerical
solid-state NMR simulations were performed using SIMPSON v4.2.1.7>
77 All numerical simulations were performed with parameters (i.e., RF
fields, transmitter offsets and ) identical to those used experimentally.
»$i{**Cl} PM-RESPDOR numerical simulations were performed with
a two spin *Si-**Cl spin system, the rep168 crystal file, 10 y angles and a
1 ps maximum time duration where the Hamiltonian was considered
time independent. Numerical simulations of the 'H{**Cl} DE-
RESPDOR dipolar dephasing curve were performed with either two,
three or four 'H-*Cl, (n= 1, 2 or 3) spin systems, the rep168 crystal file,
and 8 y angles. "H-*Cl dipolar [3 Euler angles were either 30, 45 or 90°
for *Cl that was trans (intra-sheet, opposite side), inter-sheet, or cis (in-
tra-sheet, same side) to 'H, respectively. Numerical simulations of the
'H{>Cl} DE-RESPDOR experiment used to map out the *Cl CT quad-
rupolar powder pattern of Si-NS and transplatin were performed with a
two spin "H-*Cl spin system, the zcw4180 crystal file, and 13 y angles.
The *Cl transmitter frequency was incremented in steps of 47.5 kHz or
50 kHz for Si-NS or transplatin, respectively.

Plane-wave Density Functional Theory Calculations. Plane-wave den-
sity functional theory (DFT) calculations were performed in CASTEP
version 2017 T27® utilizing the gauge-including projector-augmented
eave (GIPAW) approach.® The atomic coordinates and unit cell param-
eters of the Si-NS models were geometry optimized using the BEGS ge-
ometry optimization method” and converged to a maximum displace-
ment threshold of 5.0x10* A, an energy threshold of 5.0x10° eV/atom,
a maximum force threshold of 0.01 eV/A and a maximum stress thresh-
old 0f 0.02 GPa. Geometry optimization and GIPAW NMR calculations
utilized the Generalized Gradient Approximation (GGA) with the
Perdew-Burke Ernzerhof (PBE) exchange-correlation functional,”
Tkatchenko-Scheffler dispersion corrections,® On-the-Fly ultrasoft

pseudopotentials (default settings as implemented in CASTEP version
2017 T2),% ' zeroth-order regular approximation relativist treat-
ments,* and a 630 eV kinetic energy cutoff. A 0.03 and 0.07 A k-point
spacing was used for the NMR (with an energy calculation) and geome-
try optimization calculations, respectively. **Si isotropic shieldings (Gico)
were converted to isotropic shifts (8is) via a previously published cali-
bration curve using identical calculation parameters."" The electronic
band structures, total densities of state (DOS), projected DOS and op-
tical absorptions were calculated on the geometry-optimized structures.
The primitive cell was utilized for the 0 and 100 % Cl-terminated mod-
els. The full cell was utilized for the 20% and 50 % Cl-terminated models
and 20% Cl- and 10%-OH terminated models. The primitive cell was
used for the calculations of bulk crystalline Si. The DOS calculations
used an energy smearing of 0.15 eV and 100 sampling points per eV. We
note that the absolute values of the DFT calculated band gaps may be
underestimated compared to experiment; however, the trends in the
band gap are expected to be modelled well.
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