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ABSTRACT: The size-dependent pressure response of oleate-
stabilized CdSe quantum dots (QDs) in paraffin is investigated
using diamond anvil cell experiments and density functional theory
(DFT). For QDs above 3.0 nm, the photoluminescence shows a
blue-shift of around 43 meV/GPa, close to the value for bulk CdSe,
but the shift increases strongly for nanocrystals less than 3 nm in
size. Conversely, the absorption shift is 45 meV/GPa above 3.0 nm
but weakens to 35 meV/GPa for particles 1.5 nm in size. No
crystallographic phase transitions occur below 2 GPa, and the
optical effects are reversible. DFT calculations confirm that shifts
in the bulk modulus begin for sizes estimated to be 1/2 of the Bohr
radius, which we term the extreme confinement regime.

B INTRODUCTION

Semiconductor nanocrystals (NCs) or colloidal quantum dots
(QDs) have attracted enormous attention because of their size
tunable optical properties. Their mechanical properties are
similarly intriguing, but many fundamental questions in this
context have still not been settled. There has been speculation
that materials at the nanoscale may become harder or stronger
than in the bulk due to the presence of fewer grain boundaries
and dislocations.”” Conversely, other studies have suggested
that because of their large surface free energy, nanocrystals will
ultimately exhibit weaker mechanical strength than the
corresponding bulk phases.” An important step is to identify
methods for carrying out quantitative mechanical measure-
ments on dispersed nanocrystals. To date, most studies have
exploited atomic force microscopy (AFM) or other scanning
probe techniques to infer the mechanical response of single
nanocrystals.”~'* These are complicated by the presence of the
substrate, the difficulty of applying a well-defined mechanical
stress to the particle, the complications due to variations in
AFM tip shape, and the large number of individual experiments
necessary to ensure statistical validity.

A different approach is to investigate the response of
nanocrystals to high pressure in concert with optical
spectroscopy to deduce the mechanical properties. (High
pressure here means hydrostatic loading.) Such measurements
have the advantage of offering ensemble results, which are
more statistically relevant, but this in turn relies on the samples
being homogeneous in size and shape.

The challenge is to connect the changes in optical spectra to
the mechanical properties of the nanocrystal. In the case of
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gold nanocrystals, the Drude model provides a simple
explanation for shifts in the surface plasmon resonance under
pressure. This enables the bulk modulus of metallic gold
nanocrystals to be determined optically."”” ™" In the case of
semiconductor materials, the origins of pressure-induced
spectral changes are more complex. For example, some
semiconductors such as PbS exhibit a red-shift under pressure,
while others such as CdS and CdSe exhibit a blue-shift.
Pioneering studies were performed by Drickamer and
colleagues in the 1960s. These revealed a number of striking
changes to the optical properties of semiconductors, including
shifts of the luminescence spectrum and the absorption edge.
In some cases phase changes were also identified."®
Hydrostatic loading of CdSe nanocrystals was first reported
by the Alivisatos group in 1993."” These studies focused on
size-dependent phase changes, in particular the formation of
rock-salt CdSe. This phase change resulted in complete loss of
photoluminescence (PL) but was reversible. Other important
effects have been identified including high-order phase
transitions'® " and the formation of new phases,”*’ as well
as phase transformation into more thermodynamically stable
structures.””** There have been subsequent high-pressure QD
investigations reported for CdSe,”*™*" core/shell CdSe nano-
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particles,”’ and PbSe.”> More recently, Weber et al. reported

the high-pressure behavior of CsPbBr; perovskite NCs with
different sizes.”> To date, however, a systematic study to
uncover the actual size dependence of the bulk modulus has
not been undertaken, nor have there been any tests for the
limit of applicability of bulk band structure concepts to the
mechanics of nanocrystals.

Compared to sophisticated bulk system simulation techni-
ques, the theory of the pressure dependence of the ground
states and excited states of colloidal QDs is not well
established, although several models have been proposed
including direct atomistic simulations and continuum theo-
ries,” "> empirical force field and coarse-grained models,**"’
and some first-principle calculations for smaller particles.””***’

A key limitation in earlier studies has been the widely used
bulk approximation and use of the hydrogen/pseudo-hydrogen
passivation technique.’® This does not reflect the real surface
chemistry of colloidal quantum dots; e.g., it does not include
surface reconstruction or ligand—core interactions and thus
fails to reproduce physical observables, particularly the excited-
state energies of the system. In spectacular cases, density
functional theory (DFT) calculations of H-passivated semi-
conductor NCs even predict zero band gaps and metallic
behavior!** Although pseudo-hydrogen techniques can parti-
ally solve this, they still do not address the effects of charge
transfer and rehybridization at the QD surface.”!

In this work, we have performed extensive experimental
measurements on CdSe nanocrystals in diamond anvil cells
and combined these with a theoretical investigation of the bulk
modulus over a wide range of sizes. DFT has been employed to
investigate the pressure coeflicient and bulk modulus as a
function of CdSe quantum dot size. Instead of hydrogen/
pseudo-hydrogen ligation, we have adopted ammonia/
carboxylate ligands as the passivants to better represent the
colloid surface chemistry. In particular, the regime below the
conventional “strong quantum confinement limit” will be
discussed. We will show there is good evidence for the
existence of a second size regime, which occurs for QDs
smaller than around half of the Bohr radius, i.e., ay/2, where
there is a transition in mechanical behavior.
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B THEORY

Pressure-Dependent Brus Equation. To understand the
energy gap shift at different applied hydrostatic pressures, we
first revisit the expression derived by Brus,*** which depicts
the relationship between the nanocrystal size and the
electronic structure of the semiconductor.

W1 1 1.8¢”
Egap = Ebulk =+ [_ *+ _] -

8R*\m, m, | 4meR (1)
Here R stands for nanocrystal radius, E,, is the optical band
gap of quantum dots of a given radius, E, is the energy gap of
the respective bulk material, which is independent of particle
size, m, and m, are the effective masses of electrons and holes,
respectively, and € = €€, is the dielectric constant consisting of
the permittivity of vacuum (€,) and the relative permittivity of
the solvent (¢,).

The second term on the right-hand side (RHS) of eq 1
represents the additional energy due to quantum confinement,
which has a R™* dependence on the band gap energy. The third
term quantifies the Coulomb interaction in an exciton and has
a R7! scaling. This is sometimes neglected in high dielectric

environments. If the electron—hole spatial correlation effects
are to be considered,”* then a Rydberg energy term (E X Ry)
could be added, but it will not be discussed in our case for
simplificity.

Under hydrostatic loading, the work by Drickamer has
shown that there is a well-defined optical shift in the band edge
of the bulk semiconductor.'® Hence, the first term on the RHS
of eq 1 can be written more generally as

Epu(P) = Epi (0) + P + ﬂopz (2)

where a, and f, are the first- and second-order pressure
coeficients of the bulk material, respectively. The correspond-
ing values for QDs with arbitrary sizes are denoted by a and f,
respectively, and are functions of the particle size R.

Together, the second and third terms on the RHS of eq 1
are written as Eg,(P), and they represent the quantum
confinement contribution to the energy gap, and this is
expected to be pressure dependent. To investigate this more
closely, we take the derivative of Eg,,(P) with respect to the
pressure and apply the chain rule:

OE; (R, P) 0E; (R, P) 9R oV

gap gap
oP OR oV oP (3)
OE,, OE, . (P 2
ﬁ(R,p)=L()+ih_2i+L
oP oP OP|8R"\m, my
0 1.8¢%
oP | 4zeR (4)

The first term on the RHS of eq 4 can be obtained from eq 2,
leading to a + 2Pf,. To evaluate the second and third terms in
eq 4, we note that if there is no dependence on particle size R,
of the effective masses m, and m,, and dielectric constant ¢,
then these two terms vanish, which leads to

OEq,,(R, P)

=a, + 20 P
oP o+ 2

()
Equation S does not explicitly include a size term, which means
the optical shift is size-independent in this case and is the same
as the bulk value. However, generally speaking, all quantities in
the second and third terms of eq 4 need to be considered as
functions of hydrostatic pressure. For example, the relationship
between radius and pressure can be understood from
Murnaghan’s equation

B/ ~1/By
v=yl1+P=2
B

0

(6)

where B, is the bulk modulus, By is the first derivative of B,
with respect to pressure, and Vj is the volume of the reference
state (i.e., in the equilibrium geometry). Differentiating V with
respect to P, expanding the result into a Taylor series at P = 0,
and retaining terms up to second order yields

ov v B —1/Bj—1 B/ B/ 2

LA, | P 8, . p|o.

oP B B, B, B,
Vo 1+ 2B

= —B—O + B—OZVOP + O(P) -
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Here O(P)” refers to terms of order P> and 0B,/0P = B, and 2 P 1 1.8¢>
0B/ 0P = 0 because only the linear term of P is important here. fR) = SR Z ¥ m_h T
Assuming the particles are spherical, ie,, V = */,mR%, we can
explicitly evaluate the second and third terms in eq 4 ¢(R) = o h_z 1 " 1 A 1.8¢2
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Because we are only interested in the first derivative of the
pressure, —V,/B, is the leading term in eq 7. We can put all
quantities higher than first order in P into O(P)—these make
no contribution to the first pressure coeflicient.

After substituting eq 8 into eq 4, the final expression for the
pressure coefficient is
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Here O stands for the well-defined leading term of the
pressure dependence, and U represents the undetermined
contribution from the changes in the effective masses of the
charge carriers and dielectric constant with respect to pressure.

It should be noted that the bulk modulus B, and dielectric
constant € in the 9 term are treated as constants, which is only
valid in the large size limit, and V,({R}) is the reference
volume, which depends parametrically on the particle size. For

8,45 ’
3845 to describe

instance, one scaling relation is given by Cohen
the size dependence of the bulk modulus. The term U can be
neglected only in the large size regime. Conversely, in the
ultrasmall size regime, there is a significant contribution from
the electron kinetic energies, and the effective mass

approximation breaks down.
dE
We now look at the behavior of % in the large size limit (R

— ©0). When R — o0, the D term in eq 9 approaches a,
which is as expected because all properties should approach the

bulk values in the thermodynamic limit of large sizes.
d-EX“P
dp
bulk values, their asymptotic behavior is of interest; i.e., how

fast do they reach the bulk limit? We define two increments

Given that both the band gap and

will converge to their
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dap

than that of E,,, in the large size limit. Conversely, in the small
size regime, because of the complexity of eq 4, we will use DFT
to investigate several standard systems.

Equations of State. The Brus equation provides an
analytical solution for the dependence of the optical band gap
on particle size. To understand the pressure response of
realistic systems, an equation of state (EOS) is needed to link
the energy or pressure to the material volume. The pressure—
volume EOS was first treated by Murnaghan.*® Birch extended
this theory and developed what is nowadays termed the Birch—
Murnaghan EOS.*” The third-order Birch—Murnaghan (BM)
equations of state can be written as

E(V) =E, + 9‘1/":0{ (%]2/3 -1 3B(’) + (%)m - 1}2
' (_)” N
P(V) = % [%)m - (%)5/3 {1 + %(B(; —4)
" (%)/ ) 1}} (13)

The definitions of By, By, and V,, are the same as eq 6, while E,
is the energy of the reference state. Equations 12 and 13 will be
used to analyze the DFT data in this study.

B EXPERIMENTAL DETAILS.

Chemicals. Cadmium oxide (CdO, Aldrich, 99.99%),
selenium powder (Aldrich, 99.9%), oleic acid (OA, Aldrich,
90%), trioctylphosphine (TOP, Aldrich, 90%), 1-octadecene
(ODE, Aldrich, 90%), oleylamine (Pfaltz and Bauer Inc., 97%),
hexadecylamine (HDA, Merck, synthesis grade), and bis(2,2,4-
trimethylpentyl)phosphinic acid (TMPPA, Cytec Specialty
Chemicals) were used in the preparations described here.
Hexane, chloroform, propanol, ethanol, and methanol were all
of analytical grade and purchased from Univar. All chemicals
and solvents were used without further purification.

Quantum Dot Synthesis. CdSe QDs with sizes larger
than 2 nm were using the method reported by Van Embden et
al. and Peng et al.*** For instance, to synthesize QDs with 6.7
nm size, the following procedure was used: 0.06 g of CdO, 1.80
g of OA, and 12 g of ODE were mixed and heated at 80 °C

https://doi.org/10.1021/acs.jpcc.3c00998
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under vacuum and degassed for 30 min. The solution was then
heated to 300 °C under nitrogen until the solution turned
colorless. Then, 0.037 g of selenium powder in 1.16 g of TOP,
mixed with 4.0 g of ODE and 0.250 g of TMPPA, was swiftly
injected. The temperature was then allowed to drop to 240 °C
for 80 min to allow the growth of the nanocrystals.

For sizes smaller than 2 nm, we applied the approach
reported by Hens et al.’’ Typically, cadmium myristate (0.2
mmol), 0.6 mmol of HDA, and 10 mL of ODE were degassed
for 1 h at 100 °C under a nitrogen flow in a 25 mL four-necked
flask. The solution was subsequently heated to 245 °C under a
nitrogen atmosphere. At this point, 2 mL of a 1 M TOPSe
solution was swiftly injected, and the reaction temperature was
held at 230 °C. Growth was conducted for 5 s and stopped by
addition of 10 mL of solvent at 20 °C.

In all cases, the nanoparticles were precipitated by adding a
1:1—1:2 mixture of 2-propanol and methanol. The precipitate
was separated by centrifugation and redissolved in paraffin in
the presence of excess oleic acid.

High-Pressure Measurements. Hydrostatic pressure was
generated in a gas membrane driven diamond anvil cell (DAC)
with type Ia 16-sided diamond anvils (Diacell 4 ScopeRT(G),
diamond base diameter 2.5 mm, culet 0.50 mm, NA = 0.54),
with details published elsewhere.””" The sample volume was
prepared by laser-drilling a hole with ca. 150 ym diameter into
preindented type 302 stainless steel gaskets, and paraffin was
used as the pressure transducing medium. Solutions of CdSe
QDs in parathn were placed into the sample volume together
with a few grains of powder.

PL spectra were collected using a confocal microspectrom-
eter (Horiba XploRa) under excitation by continuous-wave
(CW) 532 nm (confocal) or 406 nm (wide field). For samples
with d < 3 nm, we used 406 nm only. Exploratory
measurements for the larger QDs employing both wavelengths
independently showed that there was no significant change in
the PL peak wavelength upon changing the excitation
wavelength. The CdSe PL spectra were acquired using a 600
lines/mm grating affording 0.3 nm resolution. With confocal
illumination, the laser intensity for collecting CdSe PL spectra
was kept below 20 yW in a focal spot with a diameter of the
order of several micrometers, while the intensity under wide-
field illumination is 2 mW over a focal spot of hundreds of
micrometers diameter. The PL peak energy was determined to
within +0.01 eV. Ruby fluorescence spectra were employed for
pressure measurement, obtained with a 1800 lines/mm grating
(0.1 nm resolution), and the R, line was used to calculate the
pressure.”” The errors in the pressure determination using this
method are typically £100 MPa in the pressure range of the
current work. Several runs were acquired with most QD sizes,
using fresh samples and gaskets for each run. Spectra were
acquired until a pressure of 2 GPa to ensure the paraffin
remained hydrostatic.”

A fiber-optic UV—vis spectrometer (Avantes AvaSpec-20438)
was used to take optical absorption measurements on QD
samples. Visible light from an Avantes AvaLight-HAL fiber
optic light source was coupled into one input of a bifurcated
multimode fiber (Avantes FCB-UVIR400-2), and a CW 532
nm laser (5 mW) was coupled into the second input of the
fiber. The output of this fiber was then focused onto the
sample region of the DAC using a matched achromatic lens
pair (ThorLabs MAP1030100-A). The DAC was mounted on
a three-axis micropositioning stage. The light exiting the other
side of the DAC was collected with a second identical matched
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achromatic lens pair and coupled into a multimode fiber
(Avantes FC-UV400-2) which was connected the AvaSpec-
2048 fiber-optic spectrometer. A removable 550 long pass
(LP) filter was installed between the lens pair and the fiber
coupler to block the 532 nm excitation light while taking ruby
fluorescence spectra. In order to take a reference spectrum
before each experiment, a single ruby grain was selected and
added to the DAC along with neat paraffin. The DAC along
with the blank sample and ruby grain were placed in the setup
and the position of the DAC was adjusted to maximize the
transmission signal of the lamp spectrum through the gasket
hole. This spectrum was recorded and saved to be used as the
absorption measurement baseline. The position of the DAC
was recorded by imaging the gasket hole with a camera
through a stereo zoom microscope. This allowed the DAC to
be returned to the exact position at which the reference
spectrum was taken. The ambient pressure spectrum of the
ruby grain was recorded by exciting it with the 532 nm laser
with the 550 LP filter installed. The DAC was removed, and
the QD suspension in paraffin was added to the DAC along
with the same ruby grain from the reference measurement.
Finally, the DAC was mounted on the setup again for high-
pressure absorption experiments.

B THEORETICAL MODELING

Models. To understand the changes in electronic levels of
QDs induced by pressure, two representative systems, i.e., zinc-
blende (ZB) tetrahedral CdSe QDs and wurtzite (WZ)
spherical QDs, are considered. Cd dangling bonds and other
trap states have a significant effect on the optical properties of
II-VI QDs. In order to minimize the surface Cd trap states,
the ligand passivation strategies should satisfy two rules: (1)
charge neutrality (no net charge exists in terms of the ligand—
core complex); (2) minimization of the Cd dangling bonds
(each Cd atom is in four-coordinated sp® geometry).

The structures of zinc-blende CdSe clusters have been
explored both experimentally and theoretically.”*”* It has been
shown that their cores tend to have pyramidal structures with
Cd-rich {111} facets exposed. Their general stoichiometry is
Cd(s1)(x+2) (x+3)/65€x(x+1) (x+2)/6 Which can be abbreviated as T,
where x represents the number of layers within the tetrahedral
structures. Therefore, the ratio of Cd:Se is not exactly 1:1, and
a number of Cd dangling bonds exist at the surface. To balance
the extra charge of the core, X-type ligands (one-electron,
donating ligands) are needed. Each additional Cd ion
introduces two positive charges, so the number of X-type
ligands required is (x + 1)* + (x + 1). Furthermore, to reduce
the number of dangling bonds to the greatest extent, we note
that Cd atoms tend to maintain sp® tetrahedral geometry; i.e.,
the Cd atoms prefer to bond to 3, 2, and 1 ligands at vertices,
edges, and facets, respectively. As a result, (x + 1)* + (x + 1)
more L-type ligands are required, which gives
Cd (1) (x42) (1+3) /65 € (w4 1) (342) /6K (w41) 4 (x4 1) L(a+1) 24 (1) @S the
final chemical formula for T, clusters. For simplification, we
chose NH; as the L-type ligand and HCO,™ as the X-type
ligand in the DFT calculations. The models range from 1 to 5
layers, and one more 8-layer structure is used to model the
largest possible QD within our computational limits.

Unlike zinc-blende CdSe, wurtzite CdSe QDs exhibit
approximately spherical morphology, and the ratio of Cd:Se
atoms is 1:1. Five stoichiometric, spherical QDs ((CdSe),,
where y = 6, 15, 33, 45, and 66) are initially cut from bulk
crystal, and one more structure (CdSe),,, is generated as a

https://doi.org/10.1021/acs.jpcc.3c00998
J. Phys. Chem. C 2023, 127, 8657—8669
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Figure 1. (a) Experimentally determined onset of absorption for wurtzite CdSe QDs as a function of the hydrostatic pressure for different QD sizes.
(b) Experimentally determined emission peaks for wurtzite CdSe QDs as a function of the hydrostatic pressure for different QD sizes. Samples
dispersed in paraffin with oleate ligands at room temperature. (c) Experimentally determined optical shifts vs pressure for different sized CdSe QDs
determined from the absorption and emission spectra in (a) and (b). Horizontal lines represent the bulk behavior as reported by Haller et al.”*

representative of medium-sized WZ QDs. Again the guiding
principle is to reduce the number of Cd dangling bonds to the
maximum extent. As a result, all of the Cd atoms in these initial
structures possess only one or two dangling bonds, and the
whole structure is approximately spherical. To deal with the
WZ passivation problem in our models, one NHj is employed
to passivate the Cd atoms with one dangling bond, while one
NH,; ligand and one HCO,™ ligand are used to saturate Cd
atoms with two dangling bonds. The introduction of
carboxylate ligands will break charge neutrality. To address
this, extra protons are connected to surface Se atoms. Unlike
ZB QDs, the surface of the WZ structure is neither Cd- nor Se-
rich. Thus, ideally all cadmium traps are fully eliminated while
some selenium defects potentially still exist at the WZ QD
surfaces.

Computational Details. DFT and its time-dependent
extension (TD-DFT) are used to obtain the ground- and
excited-state properties of CdSe QDs, respectively. It has been
established that inclusion of spin—orbit coupling is not
necessary to obtain the correct electronic structures and
dE,,,/dP if the ligand effects are properly considered® and
that DFT tends to miscalculate the band gap energy but
provides an accurate representation of the pressure depend-
ence.”®” All geometries are fully optimized using the PBEQ
hybrid functional®® for smaller QDs (ie, ZB-T,x =1, S and
WZ-(CdSe),, y = 6, 15, 33, 45, 66) at T = 0 K using the
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TURBOMOLE software package,” which has been reported
to well describe the ground- and excited-state behavior for
similar systems.”****" Double-{ basis sets def2-SV(P) are
applied for both Cd and Se atoms. The effective core potential
(ECP) approximation for Cd atoms is used for atomic orbitals
below the 3d/3p shell. Also, all-electron basis sets def2-SV(P)
are applied to ligand atoms. For medium-sized QDs, i.e., ZB-T§
and WZ-(CdSe),,, the geometry optimizations are computed
using the QUICKSTEP codebase within CP2K.%*%® The
Gaussian augmented plane-wave method (GAPW) method®
is employed for electronic structure calculations with an energy
cutoff of 520 Ry, with the Perdew—Burke—Ernzerhof (PBE)
generalized gradient approximation density functional,”® using
the Goedecker—Teter—Hutter (GTH) pseudopotential®® with-
in the double-{ valence-polarized molecular optimized (DZVP-
MOLOPT-SR-GTH) basis set”” with an energy convergence
and atomic force criterion of 107 hartree and 4.5 x 107
hartree/bohr. The 6 X 6 X 6 unit cells are calculated with
periodic boundary conditions, and the I' point is used to
sample the Brillouin zone due to the large super cell. The TD-
DFT excited-state calculations of all structures are performed
with PBE0.**°® Because only relative energies need to be
compared, all the geometry optimization and excited-state
calculations are performed in the gas phase. More discussions
about functional selections can be found in Figure SI.

https://doi.org/10.1021/acs.jpcc.3c00998
J. Phys. Chem. C 2023, 127, 8657—8669
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Figure 2. Structures of CdSe CQDs with different sizes: (a) zinc-blende tetrahedral structures with different layers T,, where x = 1 to $, and 8; (b)
wurtzite sphere-like structures (CdSe),, y = 6, 15, 33, 45, 66, and 122. The ZB QDs are passivated by just X = HCOO™ and L = NHj ligands,
whereas the WZ QDs are passivated by HCOO™ and NHj ligands but with additional H* ions to maintain electroneutrality of the clusters. These

protons are placed close to the surface Se atoms.

In order to understand the QD mechanical and optical
properties under hydrostatic pressure, the DFT calculations are
performed for uniformly contracted QDs, assuming no phase
transformation occur during this process. It should be noted
that although the bulk modulus tensor is in general an
anisotropic property, we have utilized an isotropic scalar
approximation for simplification. The compressed structures
are generated from the fully optimized ground-state structures.
The gap between the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital
(HOMO) of the quantum dots is approximated by using the
energy differences between the lowest virtual orbital and
highest occupied Kohn—Sham orbitals. For ligand passivated
cluster calculations, we use constrained optimization strategies;
i.e, we compress the inorganic core structures uniformly but
leave the ligands free to optimize. The volume of the CdSe
core is estimated by implementing the Convex hull algorithm
in MATLAB.” The molecular orbital analysis has been
performed using the Multiwfn software.”

B RESULTS AND DISCUSSION

Diamond Anvil Experiments. To verify the predictions
from the Theory section, we have employed diamond anvil
experiments to measure the absorption and emission spectra of
CdSe QDs with different radii under hydrostatic pressures up
to 2 GPa. Representative experimental first exciton peaks from
absorption and PL of CdSe QDs of different sizes are shown as
a function of hydrostatic pressure in Figure la,b.

Waurtzite CdSe QDs exhibit size-dependent optical spectra,
and as the size decreases, there is a systematic blue-shift in
both absorption and PL. When a hydrostatic pressure up to 2
GPa is applied, the excitation and emission energies of all QDs
shift monotonically toward higher energies, as evident in
Figure 1. When the pressure is released, the spectra shift back
to lower energies, with no evidence for hysteresis, indicating
that the process is reversible. Because of the nonhydrostatic
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behavior of paraffin above 2 GPa (see ref 53), only the low-
pressure regime will be discussed in the present work.

The pressure coeflicients @ determined from the absorption
and PL spectral measurements are summarized in Figure Ic.
Above 3.0 nm in diameter, the pressure coeflicient approaches
the bulk values reported by Haller et al. (43 meV/GPa)”' and
by Drickamer of 37 meV/GPa.”> We conclude that in the usual
quantum size regime below the bulk exciton radius of 5.6 nm,
the pressure coefficient is more or less the same as bulk and
independent of QD size. For significantly smaller sizes, less
than around half the bulk exciton radius, the PL pressure
coefficient increases with decreasing size and becomes size
dependent.

Curiously, the values of the pressure coefficients for
absorption and PL deviate from each other below about 3.0
nm. The absorption shift becomes smaller than for bulk
crystals, while the PL shift becomes larger.”"~”* This behavior
is in accord with our theoretical predictions through eqs S and
11 in the limit of large radii, which predict that the optical shift
is insensitive to the QD size. These results extend the size
range covered in earlier observations that did not report any
size dependence of the pressure coefficient.”” We call the
regime where the mechanical response becomes size-depend-
ent the extreme confinement (EC) regime. We now show the
properties in the EC regime are unique by employing DFT
calculations to understand the optical and mechanical
properties under pressure in the EC regime.

DFT Structures. Although the structures of several magic
sized CdSe clusters (MSCs) have been predicted,””®" most of
them are based on stoichiometric bare clusters.”*™*" Day and
co-workers have recently proposed an approach to deal with
both tetrahedral CdSe MSCs™* and CdS clusters using neural
networks,”” but there is still a need for an integrated approach
and discussion about the electronic structure of colloidal QDs
with various surface chemistries and sizes. Therefore, we have
calculated the ground-state geometries of WZ and ZB CdSe
QDs of different sizes. The optimized structures are presented

https://doi.org/10.1021/acs.jpcc.3c00998
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Figure 3. WZ-(CdSe),s QDs passivated by NH; and HCOO™ QD, with H" as the counterion. (a) Energy and pressure fitting curves from eq 12.
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pressure. (c) Calculated absorption spectra under pressure showing the first three optical transitions. All three transitions undergo a blue-shift with
increasing hydrostatic pressure. (d) Fit to the plot of first excitation energy vs pressure using eq 13.

in Figure 2. The geometries of all the optimized QDs deviate
slightly from the initial WZ or ZB conformations; however,
stable core structures are still recognizable.

Generally, the bonding of the commonly used carboxylate
ligands to Cd atoms can be quite complicated and includes
monodentate, bidentate, and bridging structures, as shown in
ref 54. We use HCOO™ to represent the binding of X-type
ligands and NH; as a model for L-type ligand binding to Cd
atoms. We denote the cadmium atoms in ZB and WZ
structures using ZBnC and WZnC, respectively, where # is the
coordination number with core Se atoms. With this notation
the Cd atom at the apex of the ZB structures is characterized as
ZB1C, and those at the edges are ZB2C while those within the
facets are denoted as ZB3C. Similarly, the Cd atoms in WZ
QDs are denoted as WZ2C and WZ3C for two- and three-
coordinated Cd atoms, respectively.

Thus, while ZB1C atoms are typically coordinated to three
ligands, ZB2C and WZ2C atoms tend to bind two ligands,
while ZB3C atoms are attached to a single adsorbed ligand. In
both WZ and ZB structures, the Cd atoms near the core center
are coordinated to four Se atoms, and are denoted as WZ4C
and ZB4C, respectively. Table S1 lists the average bond
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lengths of the optimized ZB and WZ QDs with full ligand
passivation.

As shown in Figure 2a, the smallest ZB structure T, has a
Cd,Se core which needs six carboxylate ligands to balance the
core positive charge, followed by six NH; ligands to saturate
the rest of the Cd dangling bonds.

As a result, all facets are occupied by equal numbers of
carboxylates and ammonia ligands. This also maximizes the
number of hydrogen bonds. There is only one kind of Cd—Se
bond in this cluster, i.e., Se—=ZB1C, which has an average bond
length of roughly 2.66 A, and all of the Cd atoms are surface
atoms. As the cluster grows, different Cd—Se bond types
appear. For instance, Se—ZB2C type bonds appear in the T,
structure, while three-coordinated Cd arises in the Cd,,Se;o
core. Above the CdysSe,, cluster (T,), a tetrahedral Cd-core
configuration starts to be observed for the ZB structures. The
bond lengths of Cd—Se pairs in the deep core area are slightly
greater than those at the surfaces, edges, and vertices,
suggesting that the ligand interaction modifies the surface
chemistry of CdSe cores. Bond distances of 2.23—2.30 A
between N and Cd indicate that bond formation occurs for the
neutral L-type group instead of Van der Waals interactions.
The major binding mode for the formate ligand is through a

https://doi.org/10.1021/acs.jpcc.3c00998
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single oxygen atom, which binds to a surface Cd atom,
enabling the other oxygen atom to form a hydrogen bond with
a neighboring NH; group. However, two oxygens in the same
formate group do occasionally bond in a bidentate fashion to
the same Cd atom, slightly reducing the bond lengths. The
coordination effects of X- and L-type ligands significantly
enhance the stability of ZB-QDs, while maintaining the basic
core tetrahedral structure.

To illustrate the importance of ligand passivation on
electronic structures, all the surface NH; ligands are first
removed. The surface undergoes reconstruction and the ligand
binding behavior changes correspondingly, as shown in Figure
S4a. Interestingly, the tetrahedral core structure is still
observed but with a high degree of bond angle twisting. To
compensate, two oxygen atoms on the majority of the formate
groups bind to two different Cd atoms. The remaining formate
groups behave as bidentate ligands, with two oxygen atoms
bonding to the same Cd atom. Consequently, the number of
dangling surface bonds is significantly reduced without altering
core features. However, because of the electroneutrality rule,
formate groups cannot be further removed.

In contrast, the WZ structures in our cases do not require
the ligands to balance the total particle charge due to the
intrinsically neutral stoichiometry of the core. To keep the
wurtzite characteristics, a minimum of two, stacked, six-
membered rings are required, making (CdSe)s the smallest
WZ-CdSe QD. As a result, a near cubic structure with four
nonequivalent six-membered ring faces is acquired. The
HCOO™ group forms two hydrogen bonds with H atoms
from the NH; ligands of the same WZ2C and also the closest
WZ3C NH,.

The average Cd—Se bond length is 2.69 A for facet Cd
atoms and just 2.61 A for the edge Cd atoms, which is a
significant deviation from the QD core/bulk values. This
indicates that there is significant bond relaxation in the
presence of ligands, particularly near the surface or edge of the
QD. Thus, the bond lengths of the low coordination number
Cd—Se bonds appear to be shorter than those near the core for
QDs of all sizes. The Cd—N bond lengths of three-coordinated
Cd atoms are slightly longer than those in the two-coordinated
structures, except for the smallest clusters which have the same
length for different Cd environments. There are no significant
differences for Cd—O bonds, which are roughly 2.30 A.
Compared to ZB QDs, WZ QDs are stabilized even without
any ligand passivation due to their intrinsic tendency to form
stoichiometric crystals. Figure S3b shows the ligand removal
process for WZ-(CdSe),. After removing all of the surface
ligands, the core structure relaxes significantly away from the
WZ structure of the ligand-protected QD. The core structure
reconstruction of the WZ structure is a consequence of the
crystal minimizing the number of surface dangling bonds (also
called self-healing™). Thus, surface reconstruction is likely to
be more severe without multiligand or multidentate ligand
passivation, especially for smaller QDs.

Pressure Dependence. To analyze the bulk modulus of
QDs with different sizes in the EC regime, eq 13 was utilized
to fit the energy in DFT calculations based on particle size.
The bulk modulus was then obtained through this fitting, and
pressure was calculated using eq 12 and the bulk modulus
value. To compare with experiment, all WZ and ZB QDs were
contracted uniformly without stretching, leaving the ligands
free to relax.
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As an example, computed DFT energies with respect to the
core volume of a WZ-(CdSe),s cluster fitted from eq 13 are
presented in Figure 3a. The BM equation yields a fairly good
fit. When the core volume decreases, both the internal energy
and pressure increase, as expected intuitively. The bulk
modulus B, and its first pressure derivative B are estimated
to be 69.80 GPa and 4.82, respectively. Compared to the
modulus of the bulk material (roughly $3 GPa from
experiment,””*> and 44 GPa from the calculations on our
largest clusters), these values are noticeably larger, indicating
that small QDs are more rigid, which is consistent with the
previously reported bulk modulus enhancement for small
sizes,”***%” and also consistent with the increase in phase
transition pressure for NCs compared to the bulk.*** A
similar analysis for ZB-Cd;sSe,, can be found in Figure S9,
which yields B, = 81.51 GPa and B; = 4.00.

Time-dependent density functional theory calculations offer
a computational approach for investigating pressure effects on
the optical properties of CdSe QDs. The computed HOMO—
LUMO gaps and first excitation energies for the compressed
geometries are depicted in Figure 3b, and the TD-DFT
electronic absorption spectra of WZ-(CdSe),s under hydro-
static pressure are shown in Figure 3c. Clearly, as the pressure
increases, the absorption peak wavelength and the HOMO—
LUMO gap both significantly blue-shift from their values
under ambient pressure. Both the excitation energies and the
HOMO-LUMO gap exhibit a near linear dependence on P
which results in nearly unchanged exciton binding energies
(estimated to be the difference between the HOMO—LUMO
gap and the first excitation energy).

The computed absorption band gaps are fitted by second-
order Taylor expansion by analogy with eq 2 as a function of
pressure. The result is depicted in Figure 3d, giving a = 37.10
meV/GPa and f# = —1.03 X 107° eV/GPa? which is in good
agreement with the previous theoretical values of 39 meV/
GPa” and close to the experimentally measured values of 43—
58 meV/GPa’'~"* and our own experimental data in Figure 4.

The most important term is «, especially when the
hydrostatic pressure is comparatively low and in the absence
of phase transitions. According to “empirical rules” proposed
by Paul,”" a only depends on the interband transition type, and
it determines the valence band and conduction band
contributions to the band gap deformation. For bulk materials,
Zunger and co-workers”~ showed that the energy of the
conduction band minimum (CBM) I, state increases as the
size decreases, while the influence on the valence band
maximum (VBM) I, states is usually smaller and will
generally increase with pressure for materials containing
occupied d states but decrease for those without occupied d
orbitals. As a result, the values of @ for CdSe will always be
positive due to the contributions of the d orbitals to the Cd
atoms.

The calculated bulk modulus and optical shift a for WZ
QDs as a function of size are given in Figure 4, and the related
values are listed in Table 1. We note that the overestimation of
bulk modulus absolute values by calculations may stem from
the choice of functionals, but our calculation trend consistently
matches our experimental results.”> The experimentally
determined value of the bulk modulus of the WZ structures
decreases gradually as the size increases until it reaches a
plateau value of 53 GPa, which is similar to values of the bulk
material. The theoretically calculated bulk modulus of WZ-
CdSe in the plateau region is 55 GPa, based on the Birch—

https://doi.org/10.1021/acs.jpcc.3c00998
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Table 1. Calculated Bulk Modulus and the Optical
Absorption Shift of Different Sized ZB- and WZ-CdSe QDs
and Experimental Bulk Values for Large WZ-CdSe QDs

ZB volume ZB diameter modulus optical shift
(A3) (nm) (GPa) (meV/GPa)
9.10 0.26 335.22 279
94.15 0.56 133.56 2193
312.00 0.84 98.83 30.04
777.06 114 81.51 36.64
1436.46 1.40 76.83 36.75
3733.42 193 S1.16 46.76
© =) 45.00"
WZ volume WZ diameter modulus optical shift
(A% (nm) (GPa) (meV/GPa)
63.83 0.50 182.13 16.53
350.92 0.88 91.69 28.96
1026.51 1.25 76.47 35.90
1529.51 143 69.80 37.10
2584.73 1.70 61.69 47.00
5195.46 1.93 54.69 46.61
o o 44.00"
experimental values®
2571.14 1.70 34.70
4186.67 2.00 41.00
56086.61 475 46.50
87069.58 5.50 47.20

“Calculated in this work. “Bulk modulus values from ref 94.
“Experimental optical shift in this work.
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Murnaghan equation fitting, which is close to both the
experimental value and other theoretically determined WZ-
CdSe values (44 GPa).

Surprisingly, the size regime where the pressure response
becomes size dependent is approximately 2 times smaller than
the Bohr radius a, of CdSe (~5.6 nm). The higher values for
the bulk modulus are consistent with earlier values obtained
with pesudo-hydrogen passivated CdSe QDs,”* and for
extremely small NC sizes the bulk modulus is 6 times larger
than for the bulk crystal. The deviation in the bulk modulus for
the ZB structure has been proposed by Cohen to follow a
scaling law obeying R~ with respect to the particle radius by
only taking the nearest-neighbor distances into consideration,
which means the approximation that a is a constant is
reasonable even in the moderate size regime as given in eq 9.

For the optical shifts @, similar behavior is observed with
strong shifts in the EC regime but the shifts quickly plateau out
at values of 47 meV/GPa in the strong regime (note that the
reference values range from 37 to 58 meV’""?). Hence, the
optical shifts of both WZ and ZB structures exhibit a size
dependence only within the EC regime. When the particle
radius exceeds agc, @ is independent of QD size.

Electronic Structure—Properties. Electronic structure
analysis can be used to further understand the intrinsic origins
underpinning the size-dependent optical shifts and bulk
modulus of CdSe QDs within the EC regime. The projected
density of states (PDOS) is a very valuable tool for visual study
of orbital composition. The PDOS of fragment A is defined as

PDOS, (E) = ). ©, ,3(E — &)
,. (14)

where 0, 4 is the composition of fragment A in orbital i, and ¢
stands for the Dirac delta function. The total density of states
(DOS) is the summation of all the fragment contributions.
DOS and PDOS can be visualized using a Gaussian profile

Z c, exp —_(w" —af

ovE £ o (1)
where @, is the energy, c, is the intensity of the transition, and
o is the width of a given peak. DOS and PDOS spectra are
simulated using ¢ = 200 meV in all of our cases.

Figure S5 shows the calculated PDOS for six typical
structures, ranging from small (WZ-(CdSe),s, ZB-Cd,,Se,)
and medium-sized clusters (WZ-(CdSe),s, ZB-Cd;sSe,), up
to relatively large clusters (WZ-(CdSe) 5, ZB-Cd 50Sess) at 0
GPa. For small WZ QDs, Se p-orbital features are observed at
the valence band (VB) edge, whereas Cd orbitals dominate the
conduction band (CB) edge. In comparison, for small size ZB-
QDs, the VB edge is largely contributed to by the overlap of Se
orbitals and the O orbitals from the carboxylate ligands, while
the CB edge is still dominated by Cd orbitals. Because of our
passivation approach, no defect states are observed between
the CBM and VBM. For WZ-(CdSe),;, WZ-(CdSe),s, ZB-
Cd,,Se,, and ZB-CdySe,, there are considerable DOS
contributions from the ligands, highlighting the fact that the
ligand—core coupling is non-negligible for smaller sized QDs.
In addition to the pressure-induced interband crossing, the
results of our modeling also indicate the surface ligand states
are likely to couple to electronic levels in the CdSe core. As the
size of the QDs increases, the contribution from Cd orbitals
starts to become important around the VB edge and also the
Se contributions near the CBM. As a result, both Cd and Se

Alw) =
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orbital character can be discerned at the band edge of large
QDs. At the same time, the ligands contribute less to the band
edge states as the QD size increases, indicating the diminishing
impact of ligands on the optical properties for larger QDs,
which is one of the major differences between small QDs and
large QDs. However, even when QDs are in the intermediate
size regime (e.g., WZ-(CdSe,,,) and ZB-Cd},,Seq,), bulk-like
DOS is observed near the band edge. When increasing the
pressure from 0 to 4 GPa, only mild CBM blue-shifts are
found, and the DOS features are maintained for intermediate-
sized QDs (Figure S). Conversely, there are relatively large
differences in the DOS for smaller QDs before and after
imposition of hydrostatic pressures.
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Figure S. Total density of states of CdSe with different sizes at
different applied hydrostatic pressures. Left panels: wurtzite structures
(CdSe),, y = 15, 45, and 122. Right panels: zinc-blende structures T,
x = 2, 4, and 8. Structures under pressure were calculated at 2%
compression with respect to the ground-state geometries, assuming
phase transformations do not occur.

Figures S7 and S8 show the resulting molecular orbitals
(MOs) for the three lowest occupied orbitals (HOMO,
HOMO-1, HOMO-2) and three unoccupied orbitals
(LUMO, LUMO+1, LUMO+2) for three WZ (CdSe)s,
(CdSe),s, and (CdSe),,, and ZB structures Cd,Se,, CdsSe,,,
and Cd,(Seg, at 0 GPa, respectively. For smaller QD sizes, the
HOMOs possess almost even spatial distributions delocalized
over the CdSe core, but with higher weight on the Se atoms for
both WZ and ZB QDs. Additionally, oxygen contributions
from the carboxylate ligands to the HOMO in ZB QDs are
found to be more extensive than for WZ QDs, indicating
greater ligand—core interactions in ZB QDs, even though no
conjugated ligands are used. Similarly, the LUMO is
delocalized over the entire core and over a fraction of the
surface ligands for small QDs. Such frontier MO delocalization
was also found in previously reported small CdS clusters.”” In
contrast, as the QD size increases, the frontier orbitals become
more localized. Both HOMO and LUMO orbitals localize near
the QD corners instead of being spread over the whole particle
core, which is in agreement with previously reported size-
dependent CsPbBr; perovskite systems.” Hence, when
exerting external pressure, the delocalized HOMO and
LUMO orbitals will be more evenly distributed over the
semiconductor core.
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Finally, we note that in the EC regime the differences
between the pressure coefficients a for absorption and PL are
negative and increase in magnitude with decreasing QD size.
However, above the EC regime, this difference is positive and
becomes size independent. The pressure-induced Stokes shift
has been observed for TOPO and TBPO capped 3.3 nm CdSe
QDs previously when the nanocrystals are in the form of dilute
solutions or solid films.”® It was found the surface states have
only a small influence on the pressure-induced Stokes shift,”
which is consistent with what we observed above the EC
regime.

B CONCLUSION

In summary, by combining diamond anvil experiments and
DFT calculations, we find that the bulk modulus of small CdSe
nanocrystals does not begin to diverge from bulk behavior until
well below the usual weak and strong quantum size regimes.
We denote this third size regime the “extreme confinement”
(EC) regime. Conversely, it seems mechanical properties of
nanocrystals approach bulk behavior at surprisingly small
particle sizes. In the EC regime, frontier molecular orbitals are
delocalized over the whole QD, and the surface chemistry plays
an extremely important role. In the EC regime, the effective
mass and dielectric constant are expected to be pressure
dependent, leading to a breakdown of the Brus equation.
Although we have only investigated the pressure dependence
of semiconductor nanocrystals in the EC regime, we expect
other novel phenomena to occur within this regime.
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