Revealing the Surface Structure of CdSe Nanocrystals by Dynamic Nuclear
Polarization-Enhanced 77Se and 113Cd Solid-State NMR Spectroscopy

Abstract

Dynamic nuclear polarization (DNP) solid-state NMR (SSNMR) spectroscopy was used to obtain detailed
surface structures of zinc blende CdSe nanocrystals (NCs) with plate or spheroidal morphologies and
which are capped by carboxylic acid ligands. 1D 113Cd and 77Se cross-polarization magic angle spinning
(CPMAS) NMR spectra revealed distinct signals from Cd and Se atoms on the surface of the NCs, and
those residing in bulk-like environments below the surface. 113Cd cross-polarization magic-angle-turning
(CP-MAT) experiments identified CdSe30, CdSe202, and CdSe03 Cd coordination environments on the
surface of the NCs, where the oxygen atoms are presumably from coordinated carboxylate ligands. The
sensitivity gain from DNP enabled natural isotopic abundance 2D homonuclear 113Cd-113Cd and
77Se-77Se and heteronuclear 113Cd-77Se scalar correlation solid-state NMR experiments that reveal the
connectivity of the Cd and Se atoms. Importantly, 77Se{113Cd} scalar heteronuclear multiple quantum
coherence (J-HMQC) experiments were used to selectively measure one-bond 77Se-113Cd scalar
coupling constants (1J(77Se, 113Cd)). With knowledge of 1J(77Se, 113Cd), heteronuclear 77Se{113Cd}
spin echo (J-resolved) NMR experiments were then used to determine the number of Cd atoms bonded to
Se atoms and vice versa. The J-resolved experiments directly confirmed that major Cd and Se surface
species have CdSe202 and SeCd4 stoichiometries, respectively. Considering the crystal structure of zinc
blende CdSe, and the similarity of the solid-state NMR data for the platelets and spheroids, we conclude
that the surface of the spheroidal CdSe NCs is primarily composed of {100} facets. The methods outlined
here will generally be applicable to obtain detailed surface structures of various main group
semiconductors.
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Figure 5. (A) 7"Se{'*Cd} J-HMQC pulse program with variable 7’Se-!'3Cd J-evolution
periods (1) and 7’Se CPMG signal detection. The *Cd n/2 pulses were 100 ps in
duration (2.5 kHz RF field) to allow selective excitation of surface or core Cd signals.
(B—G) 7"Se{!*Cd} J-HMQC signal intensity as a function of 1t for (B-D) CdSe
nanoplatelets (B—D) and nanospheroids (E-G). (B, E) Selective n/2 pulses on '3Cd
core site, monitoring 7’Se core signal intensity. (C, F) Selective n/2 pulses on !'*Cd core
site, monitoring "’Se surface signal intensity. (D, G) Selective /2 pulses on 3Cd
surface site, monitoring 7’Se surface signal intensity. The green dashed lines are the
best fit. The best-fit J-couplings are indicated on the plots.
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Determination of Cd-Se J-couplings. The J-HMQC experiments can also be used
to measure the magnitude of 'J("’Se, ''3Cd) by varying the evolution time (t) in the J-
HMQC experiment (Figure 5A). Selective '*Cd 7/2 pulses 100 ps in duration (2.5 kHz
RF field) were applied on resonance with either core or surface !'3*Cd NMR signals to
selectively measure 'J("’Se, '13Cd) for the three different types of Se-Cd bonds (Figure
S11). The dependence of the 77Se{!*Cd} J-HMQC signal intensity (/umoc) on T was fit

with the following analytical equation:

Iymoc = exp (—27/T,") Zﬁzslogfz - C2n exp (— %@) sin?(n],t) (1)

Where 7>  is 7’Se homogenous transverse relaxation time, ¢ is an arbitrary intensity
scaling factor, o gives the width of the Gaussian distribution of J-coupling values, and
J is the central value of 'J(7’Se, ''3Cd) in the distribution. A Gaussian distribution of J-
couplings was considered because of the intrinsically disordered nature of NCs,
although reasonable fits can be obtained if only a single value of 'J(7’Se, '3Cd) is
considered (Figure S12). During the fitting, the value of 7> was fixed at 20 ms for
surface Se NMR signals based upon independent 'H—"’Se CP CPMG experiments and
subsequent fitting of J-resolved curves (Figure S13).

For both nanoplatelets and nanospheroids, the best fit value for 'J("’Secore, ''*Cdcore)
was 105 Hz with an identical distribution width (¢ = 30 Hz, Figures 5B and 5E). When
applying selective n/2 pulses on '3Cd core sites, the surface "’Se signals build up
slightly slower than that of the core 7’Se signal. Fits of this curve yield 'J(7"Sesurface,

"3Cdeore) = 67 or 70 Hz with ¢ = 4 or 9 Hz. Interestingly, when the selective /2 pulses

are applied to ''*Cd surface signals, the surface ""Se{!'*Cd} J-HMQC signal shows a
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much faster build-up with a “double-hump”. These features can be fit with two values
of 'J(7"Sesurface, ' *Cdsurface), Which are 250 or 255 Hz ( o = 20 or 23 Hz) and 85 Hz (o
= 23 or 32 Hz). The observation of 'J(""Sesurface, '*Cdsurface) being much larger than
L(7"Secore, '1*Cdcore) is surprising. 'J(77Sesurface, *Cdsurface) could be larger because a
carboxylate ligand is a weaker electron donor to Cd than the softer Se atoms, resulting
in a stronger Cd-Se bond for one of the surface Se atoms. The observation of two
disparate values of 'J(7’Sesurfaces '*Cdsurface) could reflect a distortion of the {100}
surfaces brought about by surface reconstruction. In this scenario, one of the Cd-Se
bonds would be shorter than the other to explain the large increase in J-coupling. We
note that the 7’Se{!'*Cd} heteronuclear spin echo experiments confirm the values of
LJ("7Se, 13Cd) measured by J-HMQC (see below). The measured values of J-couplings
are in line with 'J(7’Se, '*Cd) previously reported in the literature.®”-%* 1J(7’Se, *Cd)
of 120 Hz and 135 Hz was reported for dichalcogenoimidodiphosphinato complexes
that feature Cd-Se bonds,?” 250 Hz to 330 Hz was reported for [EtaN]2[Cd(Ses)2],%® and
Jse-ca linearly varied from 126 Hz (n = 0) to 46 Hz (n = 3) in the compounds

Ka[Cd(SPh),(SePh)s_,].%
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Figure 6. (A) 7'Se{!13Cd}/''3Cd{7’Se} constant-time J-resolved pulse sequence. (B—G)
Dependence of the 7’Se signal dephasing on the J-coupling evolution time (1) for CdSe
nanoplatelets (B—D) and nanospheroids (E—G) in "’Se{'*Cd}/"'*Cd{7’Se} J-resolved
experiments (pink dots). (B, E) 7Se{!!*Cd} J-resolved experiments with a hard & pulse
in between '3Cd core and surface sites, monitoring "’Se core signal dephasing. (C, F)
77Se{113Cd} J-resolved experiments with a hard = pulse in between ''*Cd core and
surface sites, monitoring "’Se surface signal dephasing. (D, G) '3Cd{’’Se} J-resolved
experiments with a hard = pulse on '3Cd surface sites, monitoring ''*Cd surface signal
dephasing. The purple dashed lines are the best fit. The best-fit J-couplings are
indicated on the plots. The structures on the right highlight the atoms probed in each
experiment.

Determination of Cd and Se Stoichiometries with J-Resolved Experiments. With

knowledge of 'J("’Se, 13Cd) from the JJHMQC t variation experiments, "’Se{'!*Cd}
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heteronuclear spin-echo (J-resolved) experiments®? 0 %!

were then used to directly
determine the number of Cd atoms attached to each Se atom (SeCd,). The application
of m pulses on both 7’Se and '*Cd channels in the J-resolved block causes the evolution
of 77Se-13Cd J couplings and signal dephasing, with the dephasing maximized when t
= 1/J (for a single value of 'J("’Se, ''3Cd)). Due to the 12.2% natural abundance of the
113Cd isotope, the extent of dephasing observed in a 7’Se {!!3Cd} J-resolved NMR signal
for a SeCd, unit depends upon the number of bonded Cd atoms (Figure S14). For
example, for a tetrahedral SeCdys site, the probabilities of having isotopomers with 0, 1,
2, 3, and 4 attached ''3Cd spins is po = 0.593, p1 = 0.331, p> = 0.069, p3 = 0.0064 and
ps = 0.0002, respectively (Figure S14). These calculations can be repeated for any

SeCd, units with n =1, 2, or 3 and used to predict the dephasing (Figure S14). Equation

2 relates the dephasing observed to the probability of each isotopomer (p,) occurring:

Dephasing =1 —f ( n=t Zﬁ:slogfz - C2n exp (—%(]ma_])) Pn cos“(n]mrj)] ) (2)
Theoretically, the maximum dephasing for SeCd, SeCd,, SeCds, and SeCds4 should be
0.24, 0.43, 0.57, and 0.67, assuming that all 'J(7’Se, '*Cd) are the same (Figure S14).
The maximum dephasing is around 0.60 for the core 7’Se signal, which corresponds to
SeCds coordination after accounting for the reduction in dephasing brought about by a
distribution in 'J(7’Se, "'*Cd) (see below). The J-resolved curves for the core 7’Se NMR
signals of both CdSe NCs can be fit using equation 2 with 'J(7’Secore, '*Cdcore) = 93 Hz
and o = 27 Hz for CdSe nanoplatelets and 'J("’Secore, ''*Cdcore) = 94 Hz and o = 16 Hz

for CdSe nanospheroids, consistent with the values of 'J("’Se, ''3Cd) determined by J-

HMQC experiments.
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When monitoring the surface ”’Se NMR signal in the J-resolved experiment, the
maximum dephasing is only around 0.57, suggesting SeCds coordination (Figure 6C,
6F, and Figure S15). However, two mechanisms reduce the experimental dephasing.
First, the RF splitter used for the "’Se-!"*Cd double resonance experiments limits the
maximum achievable '3Cd RF field to 34 kHz (corresponding to a 14.5 us n-pulse).
SIMPSON?®? numerical simulations of J-resolved experiments show that if the offset of
the 14.5 ps = pulse is placed in between '3Cd core and surface sites, then the 3Cd
surface signals are inverted with only 77% efficiency because they have a significant
CSA. The imperfect inversion is accounted for with the dephasing factor fs.fuce = 0.77
in equation 2. Recall, the 2D 7’Se{!!*Cd} J-HMQC clearly shows that there must be
scalar couplings between the surface Se atoms and at least one surface Cd atom. Second,
the J-HMQC experiments indicate that 'J(7’Sesurface, '>Cdeore) and 'J("’Sesurface,
"3Cdgurface) values are different. The differences in surface and core J-couplings (and
the distribution within each of these values) will result in only partial constructive
interference and less dephasing. Hence, taking the mechanisms that reduce the J-
dephasing into account, the surface Se atoms must have SeCds coordination (Figures
6C, 6F, and S16). Indeed, the J-resolved curves can be fit using the values of
(7 Sesurface, 113 Cdsurface), (77 Sesurface, '1*Cdeore), and o similar to those determined with
J-HMQC experiments (with equation 2 modified to take the different values of 1J("’Se,
113Cd) for core and surface bonds into account, see Supporting Information). The J-
resolved curves confirm 'J(7’Sesurface, *Cdeore) is around 70 Hz in both CdSe NCs and

that there are two distinct values of ca. 240 Hz and ca. 90 Hz for 'J("’Sesurface,
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3 Cdsurface)-

Finally, to verify that the primary surface Cd atoms have CdSe;O> coordination,
3Cd{7"Se} J-resolved experiments were performed. !''3Cd{’’Se} dephasing is
challenging to observe given the lower sensitivity of ''3Cd solid-state NMR and the 7.6%
natural isotopic abundance of "’Se. Regardless, for both types of CdSe NCs, the
dephasing reaches a maximum of ca. 0.16, consistent with CdSe> coordination. The
13Cd{77Se} J-resolved curves can be reasonably fit by the values of 'J("7Sesurface,
"3Cdgurface) Of ca. 240 Hz and ca. 90 Hz obtained from the 7’Se{!!*Cd} J-HMQC and J-

resolved experiments.

Conclusions

1D and 2D homonuclear and heteronuclear ''3Cd and 7’Se correlation DNP NMR
experiments reveal the connectivity of the different core and surface Cd and Se atoms
within CdSe nanoplatelets and nanospheroids. Heteronuclear "’Se{''*Cd} J-HMQC
and J-resolved experiments disclose the number of Cd atoms attached to each Se atom.
The primary Se surface species were determined to have SeCds coordination, with
bonds to two surface Cd atoms and two core Cd atoms (SeCdz,coreCd2 surface).
Considering the similarity of all NMR data for the CdSe nanoplatelets and
nanospheroids, and information from prior studies,*> we can conclude that the surfaces
of both types of NCs primarily consist of {100} Se surfaces [Se(Cdcore)2(Cdsurface)2
units], where the surface cadmium atoms consist of Cd(Sesurface)2(O2CR) units. The

113Cd CP-MAT spectra suggest that in the nanospheroids, secondary Cd surface species
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with CdSe;O and CdSeO; coordinations are also present and likely associated with the
{111} family of facets. Unfortunately, NMR signals from the secondary {111} surfaces
could not be observed in the homonuclear and heteronuclear correlation NMR
experiments due to the combination of the breadth of their isotropic !'3*Cd NMR signals,
their large chemical shift anisotropies, their lower signal intensities, and their overlap
with intense signals from the primary CdSe>O> surface species.

Based on the results of this study, there are many interesting future directions of
research. First, it should be possible to detect the minor surface facets and defects in
2D correlation NMR experiments by further enhancing NMR sensitivity. Sensitivity
could be increased by combining fast MAS and DNP,”® and potentially using 'H
detection, and/or performing DNP at lower temperatures with helium gas for sample
cooling and spinning.”* %> Faster MAS frequencies would simplify the ''3Cd NMR
spectra by reducing the intensity and number of spinning sidebands. Work along these
lines is underway in our lab. Second, CdSe NCs with different morphologies, exposed
surface facets, surface ligands, etc., can be studied to unravel the influence of surface
structure on chemical and optoelectronic properties. Lastly, the solid-state NMR
experiments demonstrated here should be applicable to other inorganic semiconductors
NCs consisting of elements with spin-1/2 isotopes such as 2°Si, 3!P, 123Te, 133Cs, and

207Pb.
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Experimental Section
Synthesis.

Materials for synthesis. Cadmium acetate dihydrate (Cd(OAc)-2H>0, 98%),
cadmium nitrate tetrahydrate (Cd(NO3)2-4H20, 98%), 1-octadecene (ODE, 90%) and
oleylamine (OleyNH>, 70%) were purchased from Sigma-Aldrich; sodium hydroxide
(NaOH, >97%), methanol (MeOH, HPLC grade), stearic acid (laboratory grade),
hexanes (99.9%), chloroform (CHCIs, certified ACS), toluene (certified ACS), and
acetone (certified ACS) were from Fisher; tetramethylammonium hydroxide (98%),
myristic acid (98%), and oleic acid (90%) were from Alfa Aesar; selenium powder (Se,
99.5%) and selenium dioxide (SeOz, 99.8%) were from Strem. All chemicals were used
as received.

Cadmium stearate.’® Stearic acid (20 mmol, 5.689 g) and tetramethylammonium
hydroxide (20 mmol, 1.823 g) were dissolved in MeOH (100 mL) by stirring for 20
min. Cd(OAc)>-:2H>0 (10 mmol, 2.665 g) was dissolved in MeOH (20 mL) and added
into the mixture dropwise. A white precipitate formed while stirring for 20 minutes.
The precipitate was separated by filtration and washed three times with MeOH. The
precipitate was dried under vacuum for 6 hours.

CdSe nanoplatelets.* Cadmium stearate (0.30 mmol, 0.203 g) and ODE (9.468g,
12 mL) were degassed under a dynamic vacuum at room temperature for 10 minutes
inside of a Schlenk flask. The flask was refilled with argon gas and heated to 240 °C.
Se-ODE (2 mL, 0.1 M) was quickly injected. After 1 min, Cd(OAc)2-2H>0 (0.45 mmol,

0.120 g) was suspended in ODE (0.789 g, 1 mL) and injected into the mixture. The
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reaction was kept at 240 °C for 30 min. The mixture was cooled to 160 °C, and oleic
acid (0.48 mmol, 0.15 mL) was swiftly injected to stop the reaction. After cooling to
80 °C, the final products were first isolated by centrifugation at 14000 rpm for 2 minutes.
The supernatant was removed and the precipitate was then dissolved in toluene to form
a clear solution, and was isolated by centrifugation at 10000 rpm for 2 minutes. The
supernatant was removed for the second time and the dark red precipitate was dissolved
in a mixture of chloroform, acetone, methanol, oleic acid, and oleylamine (volume ratio
= 5:5:5:3:1), and the precipitate was isolated by centrifugation at 10000 rpm for 2
minutes. Decantation was performed to remove the supernatant. The last precipitation
procedure was repeated twice. The CdSe nanoplatelets were then vacuum dried at room
temperature for one hour.

Cadmium myristate.’’” Cadmium nitrate tetrahydrate (5.0 mmol, 1.542 g) was
dissolved in MeOH (50 mL). A sodium myristate solution was prepared by dissolving
NaOH (15 mmol, 0.599 g) and myristic acid (15 mmol, 3.425 g) in MeOH (500 mL).
The Cd(NO3)> solution was added dropwise (1 drop/s) into the sodium myristate
solution with vigorous stirring. The resulting white precipitate was washed with
methanol three times and then dried at 60 °C under vacuum overnight.

CdSe nanospheroids.®>°" SeO> (0.1 mmol, 0.011 g) and cadmium myristate (0.1
mmol, 0.056 g) were added to a three-neck flask with ODE (5.0 g, 6.34 mL). The
mixture was degassed for 10 minutes under vacuum at room temperature. Under argon
flow, the solution was stirred and heated to 240 °C at a rate of 25 °C/min. After reaching
240 °C, the sample was held at this temperature for 2 minutes, then 1 mL of oleic acid
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was added dropwise into the reaction solution to stabilize the nanocrystals' growth. The
reaction was maintained at 240 °C for an additional 30 min, and then the reaction
mixture was cooled to room temperature by removing from the heat source. The
resulting particles were precipitated by adding acetone, centrifugation (2 minutes at
14000 rpm), and then redispersed in toluene. The particles were further purified by
precipitation-redispersion three more times.
Dynamic Nuclear Polarization Solid-State NMR Spectroscopy

DNP Sample Preparation. In general, 25 mg of powdered CdSe NCs (nanoplatelets
or nanospheroids) and 25 mg of #-BN were weighed out and placed into a mortar. The
two materials were gently ground for ca. 1 minute with a mortar and pestle to mix the
CdSe NCs and #-BN support material. ca. 30 mg portion of the powder mixture was
then placed in a watch glass, where 15 pL of a 16 mM TEKPol TCE solution was added
and thoroughly mixed for the nanospheriods and nanoplatelets, respectively. The
sample was then packed into a 3.2 mm (outer diameter) DNP sapphire rotor with a
Teflon insert and zirconia drive cap.

General Experimental Details. All DNP experiments were performed on a Bruker
400 MHz/263 GHz NMR magnet/gyrotron equipped with a Bruker AVANCE III
spectrometer console and a Bruker 3.2 mm HXY MAS DNP-NMR probe configured
in double resonance mode. The sample temperature was ca. 100-110 K for all
experiments. 'H, '*C, 7’Se and ''3Cd radio frequency (RF) pulses were directly
calibrated on each sample either through a (‘H) single pulse or (*C, 77Se and ''*Cd)
"H-X (X = 1*C, ""Se or ''*Cd) CP-90 nutation experiment. 'H—X (X = 13C, 7’Se or
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3Cd) CP was performed at the beginning of all experiments to enhance sensitivity and
selectively probe the surface of the NCs. All 'H CP spin-lock RF fields were linearly
ramped from 90% to 100% amplitude”® to broaden to Hartman-Hahn match condition.
The RF fields, CP duration and MAS frequencies for all experiments are given in Table
S1. 100 kHz 'H RF field SPINAL-64 heteronuclear decoupling® was applied during
all evolution periods and during the acquisition *C, "’Se or ''3Cd. 'H chemical shifts
were referenced to neat tetramethylsilane using frozen TCE (8iso('H) = 6.2 ppm) as a
secondary chemical shift standard. Previously published relative NMR frequencies
were used to indirectly reference the 3C, ''3Cd, and 7’Se chemical shifts.!”® DNP-
enhanced CP spin echo, CP-CPMG,!°! CP Pulse Cooling,”> CP spin diffusion,’
refocused-INADEQUATE-CPMG,®* 7° heteronuclear J-resolved® 192 and J-HMQC
experiments®® were performed using previously described pulse sequences. A
schematic illustration of all pulse sequences is shown in Figure S6. ''3Cd CP pulse
cooling experiments were acquired with CPMG signal detection, a 7 s delay (t,) after
each CP block and 15 CP cycles (L) to amplify bulk polarization.” Constant-time '3Cd
CP-MAT experiments were acquired using the five-w pulse MAT pulse sequence.”” The
"3Cd chemical shift tensor parameters (Siso, €, ¥, using the Herzfeld-Berger
convention) were determined by extracting sideband manifolds from the isotropic
(indirect) dimension of the 2D MAT spectra and fitting the manifold with the solid
lineshape analysis (SOLA) module in the Bruker TopSpin 3.6.1 software. ''3Cd
refocused-INADEQUATE-CPMG experiments were acquired with a 2 ms scalar

coupling evolution time (t;), corresponding to 8 ms of total J-evolution.
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77Se spin diffusion NMR spectra were acquired with a selective rectangular /2
pulse (100 ps in duration) to store the surface 7’Se magnetization along the main
magnetic field (i.e. Z-magnetization) and allow for 7’Se-"’Se spin diffusion to core
sites.”® The "’Se spin diffusion period was varied from 0.1 s to 600 s. "’Se refocused-
INADEQUATE-CPMG experiments were acquired with a 6 ms scalar coupling
evolution time (t5), corresponding to 24 ms of total J-evolution. Experimental recycle
delays, number of scans, indirect dimension time domain (TD) points, CPMG
parameters and experimental time of experiments mentioned above are given in Table
S2.

All 77Se-'"3Cd heteronuclear correlation NMR experiments were enabled by
applying a REDOR box RF frequency splitter to the X-channel of the NMR probe to
split the resonance frequency to both 7’Se and ''3Cd (Figure S9). The Y- and X-
preamplifiers/amplifiers were assigned to 7’Se and !'3Cd, respectively, and connected
to the REDOR box through a T-joint. Adjustable RF filters (Wavetek) were placed in
between the preamplifiers and the REDOR box to isolate both channels (Figure S9);
77Se filter (Y-amplifier): 0.376 dB at 76.4 MHz and-72.04 dB at 88.7 MHz, ''3Cd filter
(X-amplifier): -55.17 dB at 76.3 MHz and 0.270 dB at 88.5 MHz. The efficiencies of
the 7’Se and '3Cd channels with the REDOR box were determined by comparing the
RF field on both channels at the same power with the REDOR box to those in 'H-X
double resonance mode. There was a minimal loss in efficiency for 77Se (60 W of input
power gave a 61 kHz RF field without the REDOR box and 56 kHz with the REDOR

box) while for the '>Cd channel the efficiency with the REDOR box dropped
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significantly (150 W of input power gave an RF field of 103 kHz without the REDOR
box and 31 kHz with the REDOR box).

77Se{13Cd} J-HMQC experiments were recorded with 'H—7’Se CP at the
beginning of the experiment, CPMG for detection and 10 kHz MAS. "7Se{!13Cd} J-
HMQC experiments were performed by incrementing the J-evolution periods (t) by
integer multiples of rotor cycles. 1D 7’Se{!3Cd} J-HMQC optimizations of the 7’Se-
113Cd J-evolution periods were recorded with hard 7’Se refocusing pulses (7.5 or 8.25
ps) and either hard (7.25 or 8.25 ps) or selective (1 rotor cycle: 100 us, 2.5 kHz RF
field) m/2 excitation and reconversion pulses. The 7’Se transmitter was placed in
between the surface and core ’Se NMR signals (— 575 ppm). Experiments were then
performed with the '*Cd transmitter placed on resonance with the core (=55 ppm), the
surface (=320 ppm), or in between the core and surface ''*Cd NMR signals (-200 ppm).
The selectivity of the 1 rotor cycle (100 ps) ''3Cd n/2 pulse was checked through a
'H—-!13Cd CP-flip back-store-read sequence with a hard /2 flip-back pulse and
selective m/2 read pulse (Figure S10). 7’Se{''3Cd} heteronuclear J-resolved
experiments were recorded with 'H—7’Se CP at the beginning of the experiment,
CPMG for detection, hard 7’Se & refocusing pulses (7.5 or 8.25 us), and hard (14.5 or
16.5 ps) '3Cd = refocusing pulses.

77Se{13Cd} J-resolved experiments were performed in a constant-time fashion to
eliminate effects of homogeneous 7’Se transverse relaxation. The "’Se spin echo period
was fixed to an integer multiple of rotor cycles and the position of the ''3Cd refocusing

pulse during the first echo period was incremented until it centers with the "’Se
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refocusing pulse (Figure S6). ''*Cd{7’Se} J-resolved experiments were recorded with
"H—!13Cd CP at the beginning of the experiment and CPMG detection. The ''3Cd{"’Se}
J-resolved experiments were performed with hard 7’Se and !''3Cd refocusing pulses
(indicated above), with the "’Se transmitter placed in between the core and surface
NMR signals and the !'*Cd transmitter on resonance with the surface NMR signal.
Analytical fitting of experimental J-resolved and J-HMQC curves is described in

the Supporting Information.

Supporting Information
Additional experimental details, powder XRD patterns, TEM micrographs, FTIR

spectra, and additional solid-state NMR spectra.
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Additional Experimental Details
Materials Characterization

Powder X-ray diffraction (XRD) was recorded using a Rigaku Ultima IV
diffractometer with a Cu Ko radiation (40 kV, 44 mA). Scherrer analysis was performed
with Jade using a « value of 0.9.

Transmission electron microscopy (TEM) imaging was performed on an FEI Tecnai
G2-F2 scanning transmission electron microscope.

Dynamic light scattering (DLS) was measured with a Malvern Zetasizer Nano ZS
equipped with a 532 nm laser. Square plastic cells with a 12 mm (outer diameter) were
used for all measurements.

Optical absorption characterization. Infrared (IR) spectroscopy measurements
were performed on a Bruker Tensor 37 Fourier transform IR spectrophotometer (64
scans, transmittance mode). UV-Vis absorbance spectra were collected with a
photodiode-array Agilent 8453 UV-Vis spectrometer. Steady-state photoluminescence
(PL) was measured with a Horiba-Jobin Yvon Nanolog scanning spectrofluorometer
equipped with a photomultiplier detector. Relative PL quantum yields (QYs) were
measured following literature procedures, using Rhodamine 6G or Coumarin 540A in
ethanol as standard.! Absorption and PL emission spectra were measured as replicated

three or more, and the average QY's were recorded.

Analytical Fitting of Experimental J-Resolved and J-HMQC Curves.

General fitting of "’Se{!3Cd} J-HMQC curves. In a JJHMQC experiment, the
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NMR signal is built-up/modulated by sin(mJ7)%, where J is scalar coupling and t is
the J-evolution period (Figure S6). The 7Se{!'*Cd} J-HMQC curves with selective 7t/2

pulse core '*Cd NMR signals were fit using the equation below:

Jn=500 Hz

Iymoc = exp (—21/T,") Z

Jn=1Hz

c _l(ln_])
o

P2
— exp|—5 ) sin“(m],,1)

o
The 77Se{'*Cd} J-HMQC curves with selective n/2 pulses on surface '*Cd NMR
signals were fit with two unique J-couplings and the following equation:
Int. = A X sin(tJ7)? + B X sin(;Jt)?, where A and B are equal scaling values. The
J-coupling for each fit was taken from a Gaussian distribution to represent the J-
coupling strengths' distribution due to the nanoparticles' structural disorder.

General fitting of J-resolved curves. In a heteronuclear J-resolved NMR
experiment the NMR signal intensity of the detected spin will modulate by cos(2mjt)",
where J is the strength of the scalar (J-) coupling, 1 is the J-evolution period (Figure 6)
and n describes the number of J-coupled spins to the detect spin. However, when the
natural isotopic abundance of the J-coupled spins to the detect spin is less than 100 %,
the proper statistical distribution for the probability of having 0 to n J-coupled spins
must be taken into account. The natural isotopic abundance of 7’Se and '*Cd is 7.63 %
and 12.22 %, respectively. Below the exact equations for analytical fits of all J-resolved
curves are described.

77Se{"3Cd} J-Resolved — Core Se species (SeCdycore). Each core Se atom is bonded
to four core Cd atoms exhibiting the same relative J-coupling. However, due to
structural disorder near the NC's surface, there is a distribution in the one bond Se-Cd

J couplings (!Jse-cd) described by a Gaussian distribution. Excluding the Gaussian
S4



