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ABSTRACT: CuInSe2 nanocrystals offer promise for optoelectronics including thin-
film photovoltaics and printed electronics. Additive manufacturing methods such as
photonic curing controllably sinter particles into quasi-continuous films and offer
improved device performance. To gain understanding of nanocrystal response under
such processing conditions, we investigate impacts of photoexcitation on colloidal
nanocrystal lattices via time-resolved X-ray diffraction. We probe three sizes of
particles and two capping ligands (oleylamine and inorganic S2−) to evaluate resultant
crystal lattice temperature, phase stability, and thermal dissipation. Elevated fluences
produce heating and loss of crystallinity, the onset of which exhibits particle size
dependence. We find size-dependent recrystallization and cooling lifetimes ranging
from 90 to 200 ps with additional slower cooling on the nanosecond time scale.
Sulfide-capped nanocrystals show faster recrystallization and cooling compared to
oleylamine-capped nanocrystals. Using these lifetimes, we find interfacial thermal
conductivities from 3 to 28 MW/(m2 K), demonstrating that ligand identity strongly
influences thermal dissipation.
KEYWORDS: time-resolved X-ray diffraction, CuInSe2, ligand, melting, heat dissipation

Colloidally synthesized semiconductor nanocrystals
(NCs) offer the prospect of electronically tailorable
inks, which can be deposited as thin films for light-

emitting diodes1 or photovoltaics.2 Significant interest exists in
passive or active patterning of these materials to obtain
superlattices3,4 or printed electronics.5,6 Because of quantum
confinement of electron−hole pairs (often referred to as
excitons regardless of binding energy), NCs can exhibit
optoelectronic properties that differ substantially from bulk
counterparts and are electronically tunable through size and
shape.7,8 At the same time, reducing particle size to the
nanoscale also impacts thermal behavior and elevates the
importance of interfacial phenomena. For instance, NCs
exhibit highly active surfaces and substantial melting point
depression compared to the bulk because of high surface
energy.9−12 Thus, particles can, desirably or undesirably, sinter
together into more spatially extended, bulk-like solids under
temperature elevation or local methods such as pulsed laser
annealing.13−17 In the latter of these approaches, above-
bandgap optical excitation produces intraband-relaxation-
induced heating as electronic carriers cool via phonon

scattering,18,19 and for excitation regimes that produce multiple
excitons per particle, Auger recombination annihilates excitons
to produce hot carriers that subsequently impart thermal
energy into the lattice.20,21 Investigations into the effects of
heating in NCs significantly lags behind research on their
synthesis and optoelectronic properties. Namely, the correla-
tion of excitation fluence, effective lattice temperature, and
rates of cooling remain poorly characterized.22−24 With
improved understanding of these behaviors, the physical
response of NCs can be better predicted and controlled.
CuInSe2 NCs in particular are of interest for their solution

processability and bulk-phase near-infrared bandgap (1.02 eV
at 298 K) comparable to that of silicon (1.1 eV).25−28

Additionally, this composition is a less toxic alternative to
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common semiconductor NCs such as CdSe or CH3NH3PbI3.
29

These properties have led to their incorporation into thin film
solar cells. CuInSe2 NCs can be drop cast30−33 or sintered to
produce uniform, highly conductive, bulk-like thin film
photovoltaics,34,35 with record efficiencies up to 15% for
bulk36 and 7% for NCs.27,37,38 Sintering is often performed
either under sustained elevated temperatures in the presence of
selenium vapor or by rapid photonic curing,17,39 where the
latter offers the prospect of retaining quantum confinement
while increasing conductivity. Another broadly researched
method for improving devices is substitution of the highly
insulating, synthetic ligands for small inorganic ions that
improve carrier mobility between the NC cores by reducing
spatial separation, thus facilitating charge transport.40−43

Here, we examine the structural responses to photoinduced
thermal effects in CuInSe2 NCs as a function of particle size, as
well as the impacts of altering surface chemistry from the
insulating organic ligand, olelyamine (OLAm), to a short
inorganic ligand, S2−. Time-resolved X-ray diffraction (TR-
XRD) allows us to directly monitor the effects of optical
excitation on the crystalline lattice as functions of both laser
fluence and time delay between excitation and X-ray pulses.
From this technique, we can monitor the effects of rapid
deposition of thermal energy upon intraband relaxation and
Auger recombination.22,24,44,45 We find size-dependent melting
thresholds and recrystallization dynamics where larger NCs
require more absorbed photons (and, thus, excitons) to melt
and longer to return to equilibrium. Exchange to S2− ligands
does not appreciably impact melting threshold; however, the
sulfide-capped NCs recover much more quickly than the
OLAm counterparts. Fitted cooling times relate order-of-
magnitude higher interfacial thermal conductivity for the S2−

ligand. Finally, we perform temperature-dependent, static X-
ray diffraction calibrations to quantify transient lattice
expansion as well as to determine effective lattice melting
temperature.

RESULTS AND DISCUSSION
We synthesized three CuInSe2 NC ensembles with average
diameters of 3.4, 5.4, and 10.8 nm, herein referred to as small,
medium, and large particles, using published methods.27,46 The
surfaces of these NCs were passivated during synthesis with
OLAm ligands and dispersed in dodecane for XRD experi-
ments. As described in the Experimental Section, a portion of
the large NCs were separately ligand-exchanged using Na2S to
replace the surface functionalization with sulfide anions (S2−),
a common inorganic capping agent,42 and dispersed as a stable
colloidal suspension in more polar dimethylformamide
(DMF). Fourier transform infrared (FTIR) spectra in the
Supporting Information of the samples before and after ligand
exchange confirm complete replacement of OLAm by S2−

(Figure S1). The static XRD patterns of all four samples
appear in Figure 1a and match calculated reflections of the
chalcopyrite crystal structure.47 As the NCs decrease in size,
diffraction features increase in width because of Scherrer
broadening (Figure S4). Both large NC samples exhibit similar
diffraction peak line widths, with a slight increase in full-width
half-maximum (fwhm) for the S2− sample indicating that the
ligand exchange caused minimal reduction in size. Trans-
mission electron microscopy (TEM) evaluation of particle size
(Figure S3) also shows an average diameter of 10.2 nm for the
large, S2− sample compared to 10.8 for the OLAm sample with
overall shape unchanged. Figure 1b displays images of the

small and large OLAm-capped NCs, which are approximately
spherical though they tend to aggregate when dried on a grid
(electron microscopy of all samples appears in Figure S3).
Steady-state absorption spectra of the samples in Figure 1c
show broad band-edge absorption, characteristic of this
material composition, with an onset in the near-infrared that
extends through the visible. The lowest-energy transition for
each sample is marked with a circle, as well as the laser
excitation wavelength (400 nm, gray bar) used in TR-XRD
experiments. We note that the transition for the large S2− is
bluer than that of the OLAm sample due to the difference in
size.
We performed TR-XRD using 1.6 ps, 400 nm pump pulses

from the frequency doubled output of an amplified Ti:sapphire
laser and 11.7 keV X-ray probe pulses at Beamline 11-ID-D of
the Advanced Photon Source (Argonne National Laboratory).
The combined instrument response function was 79 ps. NCs
suspended in dodecane (DMF for S2− exchanged particles)
were rapidly flowed through a degassed, recirculating liquid jet.
Upon controlled-fluence optical excitation, lattice heating and
expansion of the NCs can produce symmetric derivative-like
features in the differenced XRD patterns as peaks shift to lower
Q values, whereas transient disordering or melting results in
negative features due to reduced diffraction intensity in
comparison to static XRD44,45 (see the Supporting Information
for more experimental information and differenced diffraction
pattern examples). With increasing laser fluence, j, the average
number of photogenerated electron−hole pairs per excited
NC, ⟨N⟩ = σj, increases in accordance with the size-dependent
absorption cross-section, σ (Table S2), which results in both
single-picosecond intraband relaxation-derived heating of
initially hot excitons as well as tens-of-picosecond, non-

Figure 1. Static characterization of CuInSe2 NCs: (a) Static X-ray
diffraction patterns of the four studied samples displaying the
labeled chalcopyrite diffraction peaks. (b) TEM images of the
small (3.4 ± 0.9 nm diameter, upper panel) and large (10.8 ± 3.1
nm, lower panel) NCs capped with olelyamine. (c) Normalized
and offset steady-state absorption spectra with marker denoting
the lowest-energy absorption peak and gray vertical bar indicating
optical pump excitation wavelength for the TR-XRD experiments
(400 nm).
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radiative, multiexciton Auger recombination−derived heat-
ing.18,34

For each of the three OLAm NC samples, we measured
fluence-dependent TR-XRD signals, which appear in Figure 2a
for the largest NC sample at a pump−probe time delay of 40
ps (Figure S6 shows data for small and medium NCs). At
lower laser fluences, symmetric derivative lineshapes appear,
with increased scattering at lower Q, relating NC lattice
expansion. As j increases, the peaks become asymmetric with a
larger amplitude negative component, consistent with the
onset of transient disordering or melting. We presume that
melting occurs over the volume of the nanocrystal and not
solely at the surface based on the line shape, as surface melting
would result in substantial Scherrer broadening from the
smaller crystalline core of the NC. Weak trends associated with
Debye−Waller effects that relate larger diffraction losses in
higher Q features are observed (described in the Supporting
Information).48 Integration in Q-space of the (204)/(220) and
(116)/(312) peaks, shown in Figure 2b as a function of ⟨N⟩,
effectively nullifies the symmetric derivative (lattice expansion)
features and therefore conveys transient disordering (melting)
behavior of these materials. Presented data are normalized to

allow easier comparison. For all three samples, the melted
fraction increases with ⟨N⟩. Table 1 shows melting threshold
values and further explanation appears in the Supporting
Information. Even higher powers caused irreversible degrada-
tion of the samples. Figure 2c plots the melting threshold of
the three OLAm samples versus radius on a log−log scale
showing the shift in threshold to higher ⟨N⟩ ranges as size
increases. Similar to previous studies of CdSe NCs,45 we
observe that a larger number of photogenerated excitons per
particle are needed to achieve transient disordering in larger
CuInSe2 NCs. This trend, which already incorporates effects of
absorption cross-section, relates to the higher specific heat of
larger NCs as well as changing fractional surface energy.12,49

When corrected for volume, the average number of excitons
needed to melt is fairly consistent across the three samples
(Table S3), further evidence that melting is occurring
throughout the NC and not just at the surface.
We analyzed picosecond to microsecond dynamics of TR-

XRD signals for the three particle sizes to determine thermal
dissipation rates. In this comparison, samples were excited
above the melting threshold and differenced diffraction
patterns for the samples at several time delays appear in

Figure 2. Fluence-dependent TR-XRD data measured 40 ps after excitation. (a) Pump-on vs pump-off differences in diffraction for the large,
OLAm NCs show lineshapes that become asymmetric at higher indicated fluences, indicative of both heating and melting. To the right is a
zoomed-in view of the (220)/(204) feature with the static XRD (black). The gray dashed line corresponds to the peak position prior to
excitation. (b) Integration in Q-space of the (220)/(204) and (116)/(312) peaks relates net reduced diffraction and loss of crystallinity
(melting). (c) Comparison of radius to melting threshold for the three sizes.

Table 1. Dynamics Lifetimes, Melting Thresholds, And Melting Temperatures

sample (diameter, capping
ligand) τ1 (ps) τ2 (ns)

melting threshold
(<N>)

melting point from power dependence
(°C)

melting point from dynamics
(°C)

small (3.4 nm, OLAm) 90 ± 27 2.3 ± 1.3 7.8−22 - -
medium (5.4 nm, OLAm) 136 ± 29 2.4 ± 1.1 19−54 455 ± 20 325 ± 50
large (10.8 nm, OLAm) 201 ± 57 2.5 ± 1.2 122−350 615 ± 60 525 ± 50
large (10.2 nm, S2−) 207 ± 42 103−297
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Figures 3a−c. Similar to the power dependence at high flux,
the early time points exhibit asymmetric peak shapes,

suggesting a mixture of heated and melted NCs. In order to
analyze the dynamics, we integrated only the negative transient
signals of the (204)/(220) and the (116)/(312) peaks, shown
in Figure 3d, as integration of the entire transient feature
increased noise in the analysis. Such evaluation does not
separate the melting vs lattice-expansion component. Though
the instrument lacks sufficient time-resolution to evaluate the
melting process, two distinct recovery regions are apparent in

these integrated dynamics and necessitate biexponential fitting
(τ1 and τ2, details of the fitting process appear in the
Supporting Information). The more rapid τ1 region corre-
sponds to both NC recrystallization and cooling that is on the
order of hundreds of picoseconds and shows a size-dependent
trend among the three samples, with faster recovery for the
smaller particles.22,49,50 The slower τ2 region is marked by
continued NC cooling and lattice reversion back toward the
original volume. This occurs on a nanosecond time scale in the
range of ∼2 ns.22,49,50 Although a slight size-dependent trend is
evident, the reduced signal level at late times does not allow us
substantial additional insights; however, local heating of
ligands and proximal solvent could slow apparent cooling.
Further support for two regimes derives most clearly from the
dynamics of the large NCs in Figure 3c, where the asymmetric
line shape at early times transforms into a more symmetric
derivative that then continues to decay in intensity.
In order to discern transient changes in effective lattice

temperature in time-resolved signals, we performed static X-ray
diffraction for equilibrium sample temperatures ranging from
25 to 170 °C. As seen in Figure 4a, b for the largest NCs,
diffraction peaks shifted to lower Q as expected upon static
temperature elevation, though changes are small (<0.01 Å−1

upon changing from 25 to 170 °C). After baseline subtraction,
the peaks were fit to pseudo-Voigt lineshapes, which are
commonly implemented for XRD patterns.51 We were able to
determine the change in lattice parameters (a and c) as well as
particle volume (Figure 4c) for the medium and large NC
samples. Reliable fitting of the smallest NCs was imprecise
because of the broad and asymmetric lineshapes. We find that
NC lattices of the large and medium sizes expand more than
the bulk over the probed temperature range.52 Bulk CuInSe2
has nonlinear thermal expansion, but by 160 °C, we find that
the medium and large samples had expanded by 0.57 and
0.44%, respectively, compared to the bulk expansion of 0.13%.
Similarly, the medium NCs expanded more than the large,
likely related to increased surface energy per particle.53−55

Although we were unable to measure thermal expansion for the
smallest sample, we anticipate that it would have an even larger
percentage of expansion than the medium NCs.
On the basis of the temperature-dependent XRD measure-

ments, we estimate changes in effective lattice temperature as a
function of pump−probe time delay (Figure 4d) and laser
fluence (Figure 4e) for the large and medium OLAm NC
samples. The effective lattice temperatures derived from the
kinetics show fairly constant temperatures at early times after
excitation, commensurate with the τ1 time component. As
discrete NCs are recrystallizing during this time window, we
suggest that lattice heat of fusion partially negates cooling as
the lattice orders, consistent with a phase transition. There is
then a more pronounced decrease in temperature at later times
corresponding solely to heat dissipation. Averaged temper-
atures at early times appear in Table 1. Fluence-dependent
data at high powers (Figure 4e) show similar plateaus in
effective lattice temperature. Here, proximity to the apparent
melting threshold results in leveling-off of the temperature
increase with fluence, in particular because only the fractional
population of remaining crystalline lattices continue to strongly
diffract. From the highest fluences examined, we estimate a
nonequilibrium melting temperature of ∼455 (±20) °C for the
medium NCs and ∼615 (±60) °C for the large NCs. Although
higher than those found from the dynamics, both analyses
show the same trend. Similar to other NC compositions, these

Figure 3. TR-XRD dynamics at 5.9 mJ/cm2. (a−c) Differenced
spectra for the large, medium, and small OLAm NCs as a function
of time delay showing the region around the (220)/(204) and
(116)/(312) peaks. (d) Integration of the negative component of
the (220)/(204) and (116)/(312) peaks for the three different size
OLAm-capped NCs. Dynamics are a convolution of both
recrystallization and cooling that cause a biexponential recovery.
Early times show a clear size-dependent trend to recrystallization
within the first several hundred picosecond time window. Late
times (note axis break) are characterized by continued cooling of
the NCs that occurs on the nanosecond time scale.
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Figure 4. Temperature-dependent static XRD. (a) Large, OLAm NC XRD as a function of temperature shows shifts to lower Q values. (b)
Normalized, zoomed-in XRD of the (116)/(312) diffraction peak showing shift with temperature. (c) Fits of these peaks relate the change in
lattice volume as a function of temperature for the medium and large OLAm NCs. Dashed lines shown are meant to guide the eye. The
thermal expansion of bulk CuInSe2 is plotted in black for comparison. (d) Time-dependent (at j = 5.9 mJ/cm2) and (e) fluence-dependent
(at t = 40 ps) changes in temperature derived from TR-XRD for the large and medium OLAm NCs. Data were fit using parameters from
static temperature-dependent XRD to correlate peak shift with temperature. At early times in d, the temperature remains fairly constant over
τ1 lifetimes, suggesting recrystallization processes. Shaded areas represent constant temperature. In e, transient signals at larger fluences lack
a systematic increase in effective temperature with fluence, suggesting the NCs undergo disordering (cease diffracting strongly) in this range.

Figure 5. Effect of S2− ligand on dynamics. (a) The S2− sample recovers with only one exponential in the dynamics that is similar to the τ1
lifetime of the OLAm sample. Transient diffraction signals as a function of time delay of the (220)/(204) feature in the (b) OLAm and (c)
S2− samples showing different recrystallization and cooling behavior. (d) Effects of solvent and radius on G. The S2− sample has a reduced
diameter and different solvent, both of which cause faster cooling, but cannot explain the order of magnitude difference in lifetime. (e, f)
Calculated functions of G with the experimentally derived exponential functions overlaid for OLAm and S2−, respectively. Ligand exchange
from OLAm to S2− results in a drastic increase in G from ∼3 to ∼28 MW/(m2 K).
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melting points are size dependent and appreciably lower than
the equilibrium bulk-phase melting point (987 °C).26

Lastly, we exchanged the native OLAm ligand on the largest
NCs for S2− (using Na2S) and repeated the measurements
noted above. Figures S6 shows that the melting threshold of
the S2− sample is nearly unchanged from the OLAm sample,
with a very slight reduction. Seeing as the TEM images and
static X-ray diffraction showed a slight decrease in the diameter
of the NC after ligand exchange, we attribute the subtle
difference to a size effect, although surface energy will also
differ for the different ligands. We plot the melting threshold vs
radius in Figure S7. When fitting the OLAm samples to a
power law, we find that the S2− sample agrees reasonably with
the fit, confirming that the change in ligand identity in this
instance does not distinctly affect the melting threshold.
Recovery dynamics, however, are markedly different

between the two ligand types for the large NCs as shown in
Figure 5a. The inorganically terminated sample presents only a
single exponential recovery component that is nearly identical
to the τ1 component of the OLAm sample. Figure 5b,c shows
that the (204)/(220) and (116)/(312) features of the S2−

sample recover rapidly as compared to the OLAm sample. The
lack of a second, slower component suggests that the
inorganically capped NCs not only recrystallize within this
time, but also cool almost completely. Together, the fluence
dependence and dynamics suggest negligible impact of S2−

ligands on melting but accelerated cooling and recrystalliza-
tion. Whereas several factors may influence the observed
behavior, we suspect that thermal transport from the NC to
solvent occurs more rapidly through the compact anionic
ligands rather than the many-atom OLAm ligand, and that
direct interactions between the NC surface and solvent more
readily occur and facilitate cooling.
To explore whether these differences could be attributed to

the ligand and not the different solvent or slight reduction in
NC diameter, we modeled the cooling of the particles using
established thermal dissipation equations.56 Figure 5d shows
effects that both solvent and radius have on the cooling rates
for three different values of interfacial thermal conductivity
(G). Although DMF (rather than dodecane) and the slightly
smaller particle radius of the S2− sample do cause a reduction
in the cooling lifetime, such effects are less significant than the
order-of-magnitude difference that we observe. We then used
this model to approximate G values for both large samples.
Figure 5e,f displays a variety of G values for the large samples
with the lifetime of cooling derived from the fits of the TR-
XRD overlaid in red. From this comparison, we find G values
of 3 and 28 MW/(m2 K) for the OLAm sample and the S2−

samples, respectively. Such values are comparable to those
determined theoretically for other semiconductor NC
compositions.57,58

Ligand selection is critical to implementation of a given
nanocrystal composition in applications owing to significant
effects on solution processing and electrical conductivity.59−62

Ligand identity impacts the rate of thermalization as observed
in this pulsed excitation mode with isolated NCs dispersed in
solvent. The temperature−time profile of a film of nanocryst-
als, whether in a light-emitting application or additive
manufacturing process, is influenced not only by the rate of
thermalization, but also on thermal properties (heat capacity,
thermal transport) of surrounding or proximal media. For
continuous- or high-frequency excitation, interfacial thermal
conductivity impacts the rate at which the NC together with

the surroundings will exchange heat and establish a quasi-
equilibrium, which would occur more rapidly here for the
inorganic ligand. Several effects play a role in photonic curing
or sintering, such as the available thermal energy, the time
available for interparticle bond formation, NC packing density,
ligand identity, fractional ligand coverage, surface binding
energy, and any ligand chemical processes. Here, for instance,
the compact S2− inorganic ligand offers close NC proximity
although the NC core can cool more rapidly than the studied
organic ligand. From this analysis, we suggest that ligand
identity yields significant consequences for thermal dissipation
at interfaces of these materials and due to facile routes to
manipulate composition, a perhaps highly effective tool for
controlling such processes.

CONCLUSION
In conclusion, we have performed TR-XRD and temperature-
dependent static XRD experiments to probe photoinduced
heating and melting in CuInSe2 NCs as functions of both
particle size and ligand identity. We found NC size
dependence in both melting threshold and recrystallization/
cooling dynamics. In addition, we found that the NC size
affects lattice expansion with static temperature elevation and
melting temperature in TR-XRD. Using this approach, we were
able to study the effects of ligand identity on lattice response
and thermal dissipation. Exchange of long, bulky OLAm
ligands to short sulfide anions did not alter the photoinduced
disordering threshold, but appreciably impacted cooling and
recrystallization lifetimes. We were also able to obtain
interfacial thermal conductivity values for the two different
ligand terminations. Taken together, these findings suggest
several means exist to manipulate nanoparticle phase and
thermal profile. Overall the amount of energy deposited
(which here is pulsed, but could also be continuously input), as
well as particle size, surface termination, and surroundings
physically alter the nanocrystalline material in an appreciable
manner.

METHODS AND EXPERIMENTAL SECTION
Synthesis of CuInSe2 Nanocrystals. Five millimoles of CuCl

(0.49 g), 5 mmol of InCl3 (1.11 g), 10 mmol of Se (0.79 g), and 40
mL of oleylamine were loaded into a 100 mL three-neck flask in a
nitrogen-filled glovebox. The flask was sealed and transferred onto a
Schlenk line. The reaction mixture was held under vacuum (<200
mTorr) at 110 °C for 12 h to degas and allow precursor complexes to
form. The flask was then filled with nitrogen and heated to a reaction
temperature of 200, 220, or 240 °C for 10 min, with higher reaction
temperatures yielding larger nanocrystals (NCs). The heating mantle
was then removed, and the reaction mixture was allowed to cool
below 60 °C.

Next, the NCs were purified with two precipitative isolation steps.
The crude reaction solution was transferred into centrifuge tubes and
40 mL of ethanol was added to precipitate the NCs. The solution was
centrifuged at 2600 rcf for 10 min and the clear supernatant was
discarded. The precipitated NCs were redispersed in 10 mL of
toluene and centrifuged again at 2600 rcf for 10 min. The well-
dispersed NCs in the supernatant were transferred to another
centrifuge tube and 10 mL of ethanol was added. The solution was
centrifuged again at 2600 rcf for 10 min and the clear supernatant was
discarded. The purified NCs were dispersed once more in 5 mL of
toluene and centrifuged a final time at 2600 rcf to remove any poorly
capped particles. The nanocrystal solution was then dried by rotary
evaporation, weighed, and transferred to a nitrogen-filled glovebox.
Finally, the NCs were dissolved in anhydrous toluene at a
concentration of 100 mg/mL and stored in a glove box. In this
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state, the NCs retain colloidal stability for months to years. For X-ray
diffraction experiments, NCs were dried under nitrogen and dispersed
in dodecane.
Na2S Ligand Exchange. In a nitrogen-filled glovebox, 260 mg

(3.33 mmol) Na2S was dissolved in 3 mL of formamide. Three
milliliters of CuInSe2 NCs dissolved in toluene at a concentration of
100 mg/mL was then added to the Na2S solution, which formed a
biphasic mixture. The solution was stirred for 2 h, during which time
the NCs transfer from the toluene phase to the formamide phase. The
clear toluene phase is then decanted. Clean toluene was then added,
the solution was shaken, and the toluene was decanted again to
remove any residual oleylamine ligand. This toluene rinse was
repeated 2 more times. Next, the solution was centrifuged at 2600 rcf
for 5 min. The clear supernatant was discarded, and the NCs were
dispersed in 5 mL of methanol. Five milliliters of toluene was then
added to precipitate the NCs and the solution was centrifuged again
at 2600 rcf for 5 min. The clear supernatant was discarded and the
methanol/toluene precipitation procedure was repeated 2 more times,
for a total of three precipitative isolation steps. The purified S2−-
capped NCs were then transferred into a nitrogen-filled glovebox and
dispersed in anhydrous methanol, where they retained colloidal
stability for months to years. The NCs were dried and dispersed in
DMF prior to X-ray diffraction experiments. FTIR experiments
confirmed complete ligand exchange from oleylamine to S2− (Figure
S1).
Steady-State Absorption. Steady-state absorption was measured

with a Cary-5000 UV−Vis−NIR spectrophotometer. Samples were
prepared by filling a 1 cm path length quartz cuvette with a dilute
solution of CuInSe2 NCs in toluene. All spectra were background-
subtracted against the same quartz cuvette filled with toluene. The
lowest-energy absorption for each sample was determined from
transient absorption measurements (not shown) and the lowest-
energy optical bleach signal indicated the minimum band-edge
transition energy.
Static X-ray Diffraction. Static X-ray diffraction patterns of

nanocrystal powders were acquired using a Rigaku R-axis spider
diffractometer with an image plate detector and Cu Kα (λ = 1.54 Å)
radiation source. Dried powder was suspended on a 0.5 mm nylon
loop and was scanned for 10 min while rotating at 1°/s. The
diffraction patterns were then integrated with the Rigaku 2DP powder
processing program.
Transmission Electron Microscopy. TEM grids were prepared

by drop casting a dilute solution of CuInSe2 nanocrystals onto a
carbon film mesh nickel grid acquired from Electron Microscopy
Sciences. TEM images were then acquired with a FEI Tecnai Spirit
Bio Twin with 80 kV accelerating voltage.
Temperature-Dependent X-ray Diffraction. NC samples were

added to 1.5 mm borosilicate capillaries which were then placed in a
heating cell with windows on both sides to allow for transmission of
X-rays. A k-type thermocouple was docked into the heating cell to
read real-time temperature and allow for adjustments via a PID
controller. Samples were heated to the temperatures listed in the text,
and allowed to equilibrate for 10 min, after which point 17 keV X-rays
from a synchrotron source (Sector-5, DND-CAT, Argonne) irradiated
the sample generating a diffraction pattern collected on three Pilatus
2M detectors. These detectors are two-dimensional in nature, so 1D
plots of intensity with respect to q were generated by integrating the
intensity of the diffraction signal azimuthally around the central point
of origin.
Time-Resolved X-ray Diffraction. The setup for TR-XRD is

described elsewhere.44,45 During measurement, a reservoir of the NCs
(∼10−20 mL) were kept under nitrogen atmosphere. A peristaltic
pump pulled sample from the reservoir and produced a thin jet of
NCs (450 μm). This constantly flowing supply was then excited with
a 400 nm laser (frequency doubled output of a Ti:sapphire laser, 10
kHz, 1.6 ps fwhm). After set time delays, X-ray pulses probed the
sample (bunches from the Advanced Photon Source storage ring, 79
ps fwhm). X-ray diffraction was detected using a Pilatus 2M detector
and radially integrated.
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