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s ABSTRACT: Semiconductor nanocrystals (NCs) offer prospec-
6 tive use as active optical elements in photovoltaics, light-emitting
7 diodes, lasers, and photocatalysts due to their tunable optical
8 absorption and emission properties, high stability, and scalable
9 solution processing, as well as compatibility with additive
o manufacturing routes. Over the course of experiments, during
1 device fabrication, or while in use commercially, these materials are
2 often subjected to intense or prolonged electronic excitation and
3 high carrier densities. The influence of such conditions on ligand
4 integrity and binding remains underexplored. Here, we expose
5 CdSe NCs to laser excitation and monitor changes in oleic acid
6 that is covalently attached to the NC surface using nuclear
7

9
0

—

magnetic resonance as a function of time and laser intensity. Higher photon doses cause increased rates of ligand loss from the
8 particles, with upward of 50% total ligand desorption measured for the longest, most intense excitation. Surprisingly, for a range of
excitation intensities, fragmentation of the oleic acid is detected and occurs concomitantly with formation of aldehydes, terminal
alkenes, H,, and water. After illumination, NC size, shape, and bandgap remain constant although low-energy absorption features
(Urbach tails) develop in some samples, indicating formation of substantial trap states. The observed reaction chemistry, which here
occurs with low photon to chemical conversion efficiency, suggests that ligand reactivity may require examination for improved NC

2
3 dispersion stability but can also be manipulated to yield desired photocatalytically accessed chemical species.

+ l INTRODUCTION dropcasting, spin-coating, or printing as inks,'”'” but the
s Colloidal semiconductor nanocrystals (NCs) are heralded for 1nterfaczlbetwee$ tbe semlc}(: ndu(;t o lat.tlcelg?gd ;Ee hgamlis(/i
6 their desirable photophysical properties (e.g., large absorption surrounding media impacts heat dissipation. 1s coupte

7 cross sections, visible, and near-infrared absorption, narrow
s emission) that are tunable through size and morphology in
addition to composition." These materials typically present 1—
0 10 nm inorganic crystalline core size and long-chain alkyl
ligand surface termination.” Ligands are critical not only for
colloidal stability but also for passivating the undercoordinated
surfaces of NCs to promote radiative recombination rather
4 than surface trapping.” The coupling of the optoelectronic
properties produced by the semiconductor core with robust
6 syntheses and solution processability bolstered by capping
7 ligands have led to semiconductor NC implementation for a
s wide range of applications including photocatalysis,* ® photo-
9 voltaics,” ™’ display technologies,lo’11 biosensing,12 and las-
ing.'1*

Many of the features of NCs that make them desirable for
applications bring complications, as well. Quantum confine-
ment of carriers permits tunability of absorption and emission,
yet also gives rise to rapid Auger recombination of multi-
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excitons that can cause substantial heating rather than light
output.”” Colloidal suspensions offer compatibility with

© XXXX UChicago Argonne, LLC,
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with reduced melting temperatures due to high surface
energies compared to bulk bonding can prove problematic
for high-intensity excitation applications such as solar
concentrators, lasers, and LEDs.'”*° The high surface areas
of NCs are not only promising as catalytic sites but are also
prone to oxidation, especially if in conditions that cause excess
charges to remain.”' > While some applications (e.g.,
photonic curing,”*** photothermal therapy’®) aim to use
such properties of NCs to their benefit, most are hindered by
them. Despite understanding that excitation may negatively
impact NCs, a comprehensive microscopic picture of sample
evolution under the relevant conditions is lacking. Even in
laboratory settings, when NCs are excited to study their
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Figure 1. CdSe NCs before photoexcitation. (A) NMR spectra of oleate-terminated CdSe NCs (top) and oleic acid free in solution (bottom).
Protons are assigned for each; residual toluene is labeled with 1. (B) TEM image of the NCs. Diameter was measured to be 4.2 + 0.8 nm. (C)
Absorption spectrum of as-synthesized particles with the excitation wavelength (400 nm) is marked.

optoelectronic behavior, there is little systematic study and
understanding related to the effects of laser pumping over the
course of optical measurements. Oftentimes NCs that have
exhibited these behaviors are discarded without further
probing to uncover what is occurring and why because they
are considered “dead” optically, their photoluminescence has
dropped substantially, or precipitation renders them challeng-
ing or impossible to colloidally process further.

The understanding of photophysical properties in semi-
conductor NCs has advanced significantly, but only recently
research has begun to delve deeply into NC degradation. Many
studies focus purely on detrimental effects pertaining to the
crystalline lattice; monitoring structural changes or as optical
characteristics diminish, yet the surfaces and ligand shell are
critical components of colloidal NCs that merit in-depth study.
This is especially true given that surface oxidation, particle
charging, and ligand loss are inherently tied to each other as
well as a major contributor to carrier trapping that limits
photoluminescence quantum yield.””*® Above-gap optical
excitation of a NC can potentially liberate surface ligands
owing to electrical charge movement to the interface that
might disrupt bonding from chemical conversions of the
interfacial species, or if not at equilibrium, from increased
resultant thermal energy that promotes desorption.””*’ If
ligands desorb or chemically change in sufficient numbers,
colloidal NC dispersions that initially were stable can aggregate
as attractions provided by van der Waals forces become
stronger with reduced average NC—NC separation. Addition-
ally, the particles may become charged or their surfaces
oxidized, resulting in increases in carrier trapping that limit
radiative recombination. Hollingsworth and co-workers have
examined how photoexcitation can reduce photoluminescence
lifetime through thermal and oxidative surface degradation,
effectively “killing” a NC.>"** Shulenberger et al. showed that
continuous wave (CW) illumination of CdS NCs resulted in
particle charging by monitoring changes in the absorption
spectra.’” While these studies have contributed to a fuller
picture of how photoexcitation impacts the entire structure of
NCs, they do not directly probe ligand behavior. To the best of

our knowledge, no studies have correlated how photoexcitation
of the inorganic core might directly impact the organic ligands,
an important step toward understanding changes to NC
photophysics.

Toward this goal, we investigate oleate-terminated CdSe
NCs under pulsed laser illumination as a function of light
intensity and total exposure. We utilize nuclear magnetic
resonance (NMR) spectroscopy as our primary technique for
monitoring ligand evolution as it is noninvasive and allows
quantitative measurement of molecular species.”” Importantly,
NMR can differentiate between different molecular species and
probe whether such species are bound to the surface of the NC
or not via chemical shift and peak broadening. By comparing
the same NC sample under different conditions, we find both
that ligands irreversibly detach from the NC surface over the
course of optical exposure and observe increased unbound
ligand as denoted by changes in resonance and line shape.
Unexpectedly, we also note appreciable chemical changes to
these ligands upon light exposure; ligand degradation products
and small molecules, including aldehydes, water, and molecular
hydrogen, form in nearly all experiments. In conjunction with
transmission electron microscopy (TEM), X-ray diffraction
(XRD), and photoluminescence, a range of properties are
investigated, from fusing/sintering of NCs to photobrightening
and eventually substantial decreases in photoluminescence
intensity. Whereas the lowest-energy absorption feature
persists with exposure, Urbach tails, consistent with increas-
ingly poorly passivated surfaces, appear commensurate with
appreciable ligand loss. This study serves as a first look into
photoinduced changes in CdSe NCs passivated by oleate and
aims to address some of the questions raised above while
providing promising future directions.

B RESULTS AND DISCUSSION

Oleate-terminated CdSe NCs were synthesized following
existing protocols described in the Supporting Information
(SI).>* Particles were cleaned via three rounds of centrifuga-
tion with isopropyl alcohol and methanol as antisolvents. "H
NMR was used to confirm the ligand identity as well as the
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Table 1. Photophysical Properties and Diameter of CdSe NCs before and after Photoexcitation

sample  laser power and spot size  (N)  photoexposure times (min) abs. max (nm) PL max (nm) diameter (nm) (z)pysps (0S)  (T)pp,50ns (1S)
control 585 598 4.19 + 0.81 49 + 03 74 + 04
Tube 1 140 mW, 9.8 mm? 4.2 30, 90, 150 583 599 4.19 = 0.71 6.1 + 0.5 83+ 0.3
Tube 2 140 mW, 0.85 mm? 49 15, 30, 60, 85 583 599 4.19 + 0.75 4.6 + 0.5 74 + 04
Tube 3 140 mW, 0.071 mm? 584 15, 30, 60, 85 580 603 4.36 + 0.83 1.6 + 0.1 3.1+03
Tube 4 75 mW, 0.071 mm? 313 15, 30 583 599 428 + 0.79 44 £ 0.5 6.8 +03
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Figure 2. Photoinduced ligand desorption. NMR spectra of Tubes 1 (A, B) and 3 (C, D) as a function of laser exposure time.

successful removal of any unbound molecular species. Figure
1A shows NMR spectra of the NCs compared to those of oleic
acid in deuterated toluene. As expected, the proton features of
bound oleate are broadened and shifted downfield, compared
to free oleic acid, due to reduced diffusion-altering relaxation
times.”> Peaks are marked with the corresponding proton
assignments. Importantly, vinylic protons, which appear near
5.6 ppm (marked by a), are broad and lack sharp features that
would otherwise correspond to unbound oleic acid at around
5.4 ppm. Throughout this study, we focus on this region as it is
less congested by alkyl or aromatic proton signals, allowing
ease of fitting and analysis. TEM and absorption measurements
(Figure 1B,C) show a monodisperse sample with a diameter of
4.2 + 0.8 nm and a distinct lowest energy peak at 585 nm.
To ensure a direct comparison, the CdSe NC sample
described above was used for all experiments appearing in this
report. The sample was separated into six aliquots and
examined under a range of different conditions. Aliquot
samples 1—4 were illuminated at 400 nm using a 1 kHz pulsed,
100 fs pulsewidth laser. The samples, contained in NMR tubes,
were mechanically rastered such that the entirety of the sample
volume was illuminated over the course of the experiments.
Incident power on the NC dispersions was adjusted using a
neutral density wheel, and laser spot size was controlled using
an iris and altered focal distance. For samples 1—3, the average
laser power was maintained at 140 mW, but the spot size was
adjusted to 9.8, 0.85, or 0.071 mm?, respectively. This results in

a constant number of incident photons but altered fluence
which changes the number of photons absorbed per particle
per pulse. Tube 1 experienced 1.43 mJ/cm? resulting in an
average number of excitons ((N)) per NC of 4.2, Tube 2
experienced a fluence of 16.5 mJ/cm?® giving (N) = 49, and
Tube 3 experienced 197 mJ/cm’ giving (N) = 584. Tube 4 was
exposed to half the laser power of the other samples (75 mW)
but the same spot size as 3, resulting in a fluence of 106 mJ/
cm? and (N) = 313. Throughout the experiment, photo-
excitation was paused at set time points so that NMR spectra
could be recorded. All other characterization was preformed
after the final light dosing. While excitation regimes examined
in this work in some cases exceed those of usual device-
relevant ranges, they are in line with those of photonic curing
and optical amplification and were chosen to ensure that we
could draw meaningful conclusions about the dependencies
and mechanisms of ligand desorption and fragmentation.'***

The last two samples, Tubes S and 6, were not photoexcited.
One was maintained as a control for all measurements, with
the only modification being the addition of CH,Br, as an
internal standard for determining ligand density (see SI for
calculation). Based on this internal calibrant, as synthesized,
the CdSe NCs have ~3.4 molecules/nm* which is consistent
with multiple reports.*>™>® The latter sample, Tube 6, was
flame-sealed for variable temperature experiments without laser
illumination to evaluate the thermal dissociation of ligands. A
summary of all samples is provided in Table 1.
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194 NMR spectra collected for Tubes 1 and 3 are displayed in
195 Figure 2A—D. Over the course of increasing laser exposure
196 time, ligands increasingly dissociate from the surfaces of the
197 NCs as indicated by the appearance of sharp (unbound ligand)
198 NMR peaks around 5.4 ppm and the reduction of the broad
199 (bound) 5.6 ppm peak. The alkyl features also shift upfield and
200 sharpen due to desorption. To quantitatively determine the
201 extent of ligand loss, fitted peak areas in the range of 5.3—6
202 ppm were separated into “bound” or “free” depending on
203 chemical shift and width (Figure S11). The percentage of free
204 ligand versus time for Tubes 1—4 are given in Figure 3A.
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Figure 3. Ligand loss over the course of experiments. (A) Ratio of
integrated free ligand signal versus total ligand for the four
photoexcited samples. Linear fits for each laser fluence as a function
of time provide rates for ligand loss. These rates are plotted against
(N) in (B) where a nonlinear response is noted by fit to a power
function. (C) Total absorbed photons per NC versus surface coverage
fit to a Langmuir isotherm.

205 Although ligand loss is linear with the number of photons
206 absorbed, Tubes 1—3 do not show the same slope, suggesting
207 the process for desorption is dependent on the density of
208 photons. As the fluence is increased (by decreasing spot size),
209 more ligands are dissociated from the surface with upward of
210 ~50% desorption from Tube 3 after 85 min of illumination
211 versus ~3% desorption with the same total number of photons
212 but with lower intensity in Tube 1. The NCs remained stable
213 in solution with no aggregation evident over the course of the
214 experiments. Given months in solution, NCs in Tube 3 did

experience loss of colloidal stability as noted by precipitation, 215
whereas the other tubes that showed less ligand loss in total 216
did not. Tube 4 showed similar ligand loss to Tube 3 despite 217
approximately half the incident power (and therefore half the 218
absorbed photon dose) suggesting a (N) threshold above 219
which continued photon absorption does not result in ligand 220
loss. Once dissociated, ligands did not readsorb onto the 221
surface of the NCs with time, suggesting an irreversible change. 222
Such a process, even if low in terms of quantum yield, thus can 223
be important for NC implementation. 224

Desorbed ligand amount (relative to initial ligand coverage) 225
appears linear versus exposure time in each case, and linear fits 226
provide a rate of ligand loss per minute relative to (N). As we 227
describe above, this rate does not increase linearly with (N), 228
but instead it seems to approach a maximum rate of ligand loss 229
upon which higher fluences yield similar results (Figure 3B). 230
This allows us to approximate the length of time required for 231
an arbitrary percentage of ligand dissociation at low (N). For 23
example, at an (N) value of 0.05, to achieve 1% ligand loss 233
would require ~13 h and 50% ligand loss would require over 234
27 days of the described laser exposure. 235

Mechanistically, thermal energy may play a key role in the 236
observed ligand desorption, where optical excitation produces 237
phonons through intraband relaxation and Auger recombina- 238
tion. For the system to return to equilibrium, this heat must be 239
dissipated through the particle, interface, and ligands, 240
potentially causing release of bound surface species. To 241
determine whether static heating from laser illumination 242
could cause ligand desorption, we performed variable temper- 243
ature NMR to monitor changes in the population of bound 244
and free ligand upon heating to 100 °C. We were limited to 245
this temperature range due to the boiling point of d8-toluene, 246
but assume that prolonged exposure at 100 °C could promote 247
desorption given literature precedence for photogenerated 24s
temperature increases and that the lowest pulsed excitation 249
regime studied here experienced ligand loss after only 15 250
min.'”**~*" With sample temperature elevation, ligand loss 2s1
was not observed, and even after maintaining the sample at 100 252
°C for 1 h, no solvated oleic acid features were detectable 253
(Figure S25). These results are consistent with other heating 254
experiments in the literature.** We do note, however, that the 2ss
shoulder present on the downfield side of the vinylic proton 256
feature decreases concurrently with the increased intensity of 257
the main peak. This is potentially due to the rearrangement of 258
ligands on the surface into more energetically favorable 259
configurations, suggestive of some form of sample surface or 260
ligand annealing. Reports on InP NCs have shown that these 261
two features can be correlated to edge and facet binding site, 262
further evidence of ligand migration or loss of higher energy 263
edges.”” In the photoexcited samples, desorption of ligands 264
tends to deplete this shoulder first, as well. Regardless, the 265
absence of thermally induced ligand dissociation over this 266
accessible temperature range suggests photoexcitation may be 267
producing even higher temperatures (resulting in surface 268
melting) or that carriers lead to chemical changes of the NC 269
surface or ligands. 270

While our focus here was on pulsed excitation, we also 271
illuminated a sample of CdSe NCs with above-band gap CW 272
illumination with an average power of 140 mW and intensity of 273
approximately 580 mW/cm® (Figure S27). We saw no 274
discernible ligand loss after 75 min under these conditions 275
with similar number of total absorbed photons to pulsed 276
measurements. Given that CW excitation results in a lower (N) 277

https://doi.org/10.1021/jacs.3c10232
J. Am. Chem. Soc. XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c10232/suppl_file/ja3c10232_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c10232/suppl_file/ja3c10232_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c10232/suppl_file/ja3c10232_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c10232?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

A

—— Control i *
Tube 1 -90 min )LH,\
Tube 2 - 85 min HO A

0

HOM\*

A
7

Tube 3 - 85 min /\M/\ H—H
/ H—D
.S A A A
T T T T T T T T
9.4 9.2 9.0 57 54 5.1 4.8 45 4.2
ppm
I 20210 x10° . ot
2 & P
. o B C R s D 4 E
£84w ¢ & o @ 157 A © 8-
= o X o
30 i g < A o
27 )l\ 3 H—H | 22 s *
LY Y H R| g1 4 3 O 3 HO X
> 5010 20 40 60 80 100 120 140 160 T | s H H 2 h
c | o 9 &1l g N
8 g 30 £ 5 £ il g s
£ o 2/ % & A ) 2
§ s 10l ‘ 1 P e v % o e ©
o ol ® % (B o{m e @ © @ ola ®

0 20 40 60 80 100 120 140
Time (minutes)

0 20 40 60 80 100 120 140 160
Time (minutes)

160

0 20 40 60 80 100 120 140 160
Time (minutes)

0 20 40 60 80 100 120 140 160
Time (minutes)

Figure 4. Ligand fragmentation. (A) Tubes 1—3 after similar photoexcitation dose times. Chemical shifts of new molecular species that arise from
fragmentation of the oleic acid ligand or reaction with toluene are marked by red asterisks (*). (B—E) Chemical species as a function of laser
exposure time. (B) Aldehyde features at 9.13 and 9.3 ppm, (C) hydrogen features between 4.4 and 4.55 ppm, (D) water clusters peak at 5.25 ppm,
and (E) terminal protons of undecane or undecanoic acid between 4.9 and S.1 ppm.

278 than pulsed, we are in a regime where the vast majority of NCs
279 have one or no excitons suggesting that Auger processes,
280 multiphoton absorption, or ionization may be critical to ligand
281 loss. It is important to note that higher intensity CW fluences
282 have produced ligand loss and are accessed in LED and
283 photocatalysis experiments.”*>***

284  Conversion of the collected data from Figure 3A to
285 photons/NC provides a measure of the total absorbed dose
286 across the four samples (Figure 3C). When plotted in this
287 manner, ligand loss percentage appears to follow a trend
288 between samples, with increasing desorption occurring as
289 photon flux increases. We were able to fit most of the data
200 plotted in this way to a Langmuir binding isotherm (eq 1)
291 where 6 is the fraction of free ligand, Ky is the dissociation
292 constant, [hv] is the total absorbed dose, and constant a relates
203 saturation. This model was chosen as it is commonly used to
294 describe ligand binding and desorption from NC surfaces."”*°
295 As far as we are aware, this is always studied with the addition
296 of a competing ligand that induces exchange instead of
297 photoexcitation; however, there are examples of Langmuir
208 isotherms applied to photoreactions in biological systems."”
299 Ligand desorption values above ~14% cease to follow a simple
300 Langmuir model and were excluded from the fit.

aKy[hv]
301 1 + Ky[hv] (1)
302 We find that the dissociation constant (Kj) is 7.7 X 107°

303 NCs/photons for this binding isotherm. Given that each NC
304 initially has ~188 ligands, this translates into K; = 1.5 X 107°
305 ligands/photon. This low quantum yield is consistent with our
306 need for pulsed laser excitation and a lack of appreciable ligand
307 loss with low-power CW illumination. While we were unable to
308 fit to a two isotherm model, curiously, the data fit well to a
309 biphasic equation that is commonly used to describe two
310 binding sites (e.g., observed in bimodal drug release, see SI for

more information).** The need for two phases once again
suggests a difference in the binding motif or binding strength.
This could correspond to differences in binding modes
(bidentate versus monodentate, edge versus facet), a change
in ligand displacement type (X-type oleic acid versus Z-type
Cd-oleate), or suggests that a fundamentally different process
occurs at particularly high fluences."”*” At this time, we are
unable to resolve the species from our data that constitute the
two different binding motifs. As mentioned above, we do
observe loss of the upfield shoulder on the vinylic protons,
which could be due to differences in faceting as reported for
InP; however, we cannot be certain that such behavior is at
play with our particles as they are spheroidal. Furthermore, we
are unable to distinguish between liberated oleic acid and Cd-
oleate due to the similarity in chemical shift. This biphasic
model provides an upper limit for ligand dissociation of 60 +
10%, suggesting that above this point NCs either do not lose
any more ligand or further ligand loss results in colloidal
instability. Precipitation of such particles would prohibit their
involvement in NMR signals, i.e., they would become invisible
to the techniques used here, but precipitate was not observed
for the range of parameters studied herein.

In addition to ligand loss, NMR resonances develop that
cannot be attributed to oleic acid but instead clearly indicate
formation of new chemical species as shown in Figure 4. At
4.9—5.05 and 5.65—5.8 ppm, clear signatures of the vinylic
hydrogens of undecane or undecanoic acid are evident.’ We
are not able to distinguish between these chemical species
given the similarity in their proton shifts, but integration
confirms their identity. In addition, a strong feature at 5.25
ppm grows in that corresponds to water. Given the nonpolar
nature of toluene, any water formed produces clusters that
yield a distinctive chemical shift.”** Around 4.3 ppm, sharp
peaks demarking molecular hydrogen (H,, HD) are present.”
Indeed, in some experiments, bubbles were clearly observed to
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form in the tube consistent with this assignment (although we
note that CO, is also a possible side product that would not
appear in '"H NMR). Furthermore, the integrated peak area for
these features is relatively constant, suggesting formation of
dissolved gases that eventually leave the solution. Given that
HD is present alongside H, (Figure S13) chemical interaction
between the deuterated toluene and the NCs must be
occurring, suggesting radical formation. Cadmium chalcoge-
nide NCs have been shown to be viable hydrogen evolution
catalysts using formic acid or water.”"** Features around 9
ppm demarcate aldehyde protons, although again we cannot be
quite clear as to molecule identity. Aldehydes can form upon
the loss of the hydroxide group from oleic acid or oxygen
addition to the double bond. Two distinct features in this
region show different behaviors with photoexcitation. The peak
at ~9.3 ppm forms on similar time scales of illumination
regardless of the range of fluences studied. The peak at 9.13
ppm, however, shows behavior more similar to the other
chemical species and ligand desorption (ie., fluence depend-
ent). As oleic acid will only readily exchange on the surfaces of
CdSe NCs in the presence of a proton source, this
fragmentation may be further enabling ligand dissociation.*®

We note that no chemicals were added to these samples to
cause fragmentation. The NMR spectrum of our oleic acid
showed no evidence of these chemical species, nor were they
present in the NC spectrum before photoexcitation. As a
control experiment to determine if the CdSe NCs were
necessary for this oleic acid degradation process, we
illuminated a tube of concentrated oleic acid in deuterated
toluene using a higher fluence than the other tubes for a longer
length of time as described in Figure S24. Even with these
more intense, more sustained excitation conditions, only trace
amounts of undecane/undecanoic acid and aldehydes were
seen and neither hydrogen nor water were observed. Along
with the temperature-dependent NMR, this control measure-
ment suggests that a combination of laser irradiation, CdSe,
and oleate is necessary to generate the observed photo-
products.

One might expect an appreciable morphological evolution of
NC dispersions upon intense, sustained laser exposure in
solution. However, TEM images of the NCs after photo-
excitation reveal particle shape and size remain largely
unchanged for the range of fluences and exposure times
examined (Figure SA—D). NCs exposed to the highest
intensity (Sample 3) experienced trace amounts of sintering
between some NCs to form larger agglomerated structures
(~8—10 nm). Given that distinct crystallographic domains can
be seen within these larger NCs (see Figure S4 for more
examples), we suggest that ligand loss likely produces colloidal
instability and increases close contact of NC surfaces. Samples
1 and 2 showed no discernible difference in NC diameter, and
rather a slight narrowing in distribution, consistent with laser
annealing. Powder XRD measurements indicate that the
materials persist in the initial zincblende crystalline phase
(Figure SE). Broadening of diffraction peaks in Tube 3
suggests smaller crystalline domains have formed, consistent
with loss of surface layers and ligands that lead to
agglomeration. Scherrer analysis shows a reduction in
crystallite size of approximately 0.6 nm in Tube 3, but the
remaining samples were unaffected (Figure S9).

Optical properties offer additional information regarding the
impact of exposure and ligand loss, which is crucial regarding
the performance in optoelectronic devices. UV—vis shows that
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Figure S. Characterization of the samples after photoexposure. (A—
D) TEM images of Tubes 1—4 and the corresponding diameters
measured. (E) XRD patterns of Tubes 1—4 and the control.

the absorption has only slightly shifted by just 2—S nm (see
Table 1) although Sample 3, and to a lesser extent Sample 4,
shows a broadening of features and emergence of a tail to the
red. This absorption is lower in energy than bulk CdSe
(marked by the dashed line at 713 nm), and we attribute this
feature to trap state formation within the bandgap (an Urbach
tail).”” Low concentrations and solvent correction were used
to ensure that this was not an artifact of scattering. As noted
above, despite ligand loss, all samples showed no precipitation
initially.

Static and time-resolved photoluminescence (Figure 6B,C)
provides further insight into the impacts of surface passivation.
Despite broadening and the appearance of midgap trap states
observed by absorption, no emission red of the main band-
edge feature is observed, though Sample 3 did exhibit
broadening and a slight red shift of PL. All samples maintained
a similar emission wavelength, consistent with the bandgap and
particle size remaining close to the control. We find that
Samples 1 and 2 showed brightening after ligand loss
suggesting a reduction of trap states either through annealing
of intrinsic defects or reorganization of ligands into a position
or binding motif that is more favorable for radiative
recombination. Other reports of photobrightening have also
attributed changes to surface oxidation states through ligand
loss.”**°7% Sample 3 showed a drastic reduction in emission
intensity, likely due to formation of numerous trap sites. We
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Figure 6. Optical characterization of samples after prolonged
illumination. (A) Absorption spectra for photoexcitated samples and
the control. Inset shows the lowest energy absorption in finer detail.
Bulk CdSe absorption at 713 nm is given as a dashed line. (B) Static
PL spectra. (C) Time-resolved PL spectra over S0 and S ns (inset)
along with triexponential fits.

435 observed similar results via time-resolved measurements using
436 a streak camera to spectrally and temporally resolve the PL. No
437 evidence of trap state emission at redder wavelengths was
438 found although some increase in blue emission (<550 nm)
439 appeared in Tube 3. Integration of PL from 525 to 675 nm
440 provides emission dynamics shown in Figure 6C, which were
441 fit to multiexponentials to provide the average PL lifetimes ()
442 listed in Table 1. Tube 1 exhibited longer lifetimes, while Tube
443 3 showed a more substantial reduction in lifetimes. Such
444 observations again are consistent with large trap populations
445 for the highest pump intensity and possible annealing for the
446 lower intensity exposures. Similarities in early time dynamics
447 with drop in emission at later times are consistent with reports
448 of charging.*”

440 l CONCLUSIONS

450 In this work, we have demonstrated that photoexcitation of
451 oleate-capped CdSe NCs results in irreversible ligand loss as a

function of exposure time and pump intensity. The rate of 452
ligand desorption correlates with laser fluence and, in the 4s3
extreme, upward of 50% of ligands are removed after 85 min at 454
197 mJ/cm’. From these results, we calculated a rate of ligand 4ss
loss per photons absorbed of 1.5 X 107 While this low 4s6
quantum yield may not appreciably affect NCs under standard 457
illumination, photon density in high-intensity CW and pulsed 4s8
conditions is enough to irreversibly desorb ligands from the 4s9
surface and produce chemical changes. In addition to ligand 460
loss, fragmentation of oleate resulted in formation of water, 461
molecular hydrogen, undecane/undecanoic acid, and alde- 462
hydes as evident by NMR. All NC samples maintain the 463
zincblende structure, and size is unaffected except at the 464
highest fluence which resulted in minor particle sintering after 465
ligand loss. Absorption and emission profiles were largely 466
maintained although PL intensity showed photobrightening in 467
the lower fluence samples and a sharp reduction for the highest 468
fluence sample further suggesting surface rearrangement and 469
trap formation under such conditions of significant ligand 470
degradation and desorption. These results have implications 471
for NC and ligand stability in a wide range of applications that 472
depend on high-intensity illumination including solar concen- 473
trators, LEDs, lasers, and photocatalysts. Beyond concerns 474
about the stability of the inorganic core (e.g., photobleaching, 475
charging), ligand fragmentation is of particular concern given 476
that the chemical processes likely remain active even in solid- 477
state devices, whereas ligand desorption potentially decreases 478
in the solid state as diffusion of desorbed ligand would be 479
impeded. Influence of colloidal dispersion versus solid-state 4s0
conditions will be examined in future studies. We hope this 481
work serves as a preliminary exploration into the effects of 4s2
light-induced ligand and surface restructuring in semi- 483

conductor NCs. 484
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