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“If there is an equation for a curve like a bell,
there must be an equation for one like a bluebell,

and if a bluebell, why not a rose?”

Avrcadia (1.3)



ABSTRACT

The Influence of Surface Chemistry on the Optoelectronic Properties of Semiconductor Quantum
Dots

Rachel Dory Harris

This dissertation describes the relationship between the surface chemistry of colloidal
semiconductor nanocrystals (quantum dots, QDs) and their optoelectronic properties, such as
photoluminescence and degree of quantum confinement. We primarily focus our efforts on one
particular subset of ligands known to couple strongly to the inorganic core of the QD to decrease its
quantum confinement, phenyldithiocarbamates (PTCs). We focus first on the development of
quantitative Nuclear Magnetic Resonance (NMR) techniques to characterize the identity and quantity
of ligands (such as PTCs and oleic acid) bound to nanocrystal surfaces. When we correlate the surface
chemistry information obtained from NMR with the optical spectra of our QDs, we find that for
strongly-delocalizing ligands like PTC, the spatial distribution of ligands on the QD surface affects the
overall degree of delocalization. In the later chapters of this thesis, we describe two avenues for
exploiting the relationship between surface coverage of exciton-delocalizing ligands and quantum
confinement to design strongly coupled, hierarchical nanomaterials for efficient charge transport in
films or in solution. We explore the treatment of thin lead sulfide QD films with a PT'C derivative to
improve their overall conductivity relative to benzoic acid, a similar molecule that does not affect
confinement. Finally, we describe a potential strategy to improve the yield and rate of hole transfer to

a tethered phthalocyanine molecule using dithiocarbamate and thiolate linkers.
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L1ST OF FIGURES

Figure 1.1. A Plot of the sutface area to volume ratio (SA/V) of a sphere as a function of radius. As
the radius increases, the SA/V decreases rapidly, then levels off after ~10 nm. Inset: Pictographic
representation of nanoparticles with increasing size, showing that as size increases, the fraction of
atoms on the nanoparticle surface decreases. Adapted from ref *......cc.vveerereiniereeeneeneeneeneiereneeseeeeene. 24

Figure 1.2. A schematic of the types of surface ligands on colloidal nanocrystals (NCs). Adapted from
LEE. ettt bR Rt 24

Figure 1.3. The structure and corresponding 1D 'H NMR spectra of A) free oleic acid and B) oleate-
capped CdSe QDs. The NMR spectrum of free oleic acid has sharp, well-resolved proton signals.
These signals are broadened in the NMR spectrum of oleate-capped CdSe QDs due to the restriction
of motion for molecules bound to the surface of a (comparatively) large nanoparticle. This broadening
is analogous to the broadening that occurs in the NMR of solids. NMR spectra adapted from ref. *

Figure 2.1. Absorption spectra of CdSe QDs with radius R=1.42 nm in CH,Cl,, and the same QDs
treated with PTC for increasing amounts of time, which leads to increasing surface coverage of PTC
on the QD. Spectra are scaled such that they have their first excitonic peaks have the same height.
Inset: A plot of the apparent increase in excitonic radius, AR, for the QDs upon ligand exchange of
native phosphonates for PTC, as a function of the ligand exchange time. The text describes the ligand
exchange procedure and the calculation of AR from the absorption spectra in this figure.................. 33

Figure 2.2. A) 'H NMR spectra of PTC in CD,Cl at 0, 5, 16, 29, and 45 h. The PTC peaks decrease
noticeably until they are undetectable after 16 h. The peaks attributable to aniline, a degradation
product of PTC, increase continuously over the measured time period. Only one set of PTC peaks is
shown for clarity; we believe that these peaks shift as PTC degrades because degradation proceeds, at
least in part, through protonation of PTC by ammonium. Release of ammonia changes the pH of the
solution. B) Relative normalized integrations of 2H peaks for aniline (red circles) and PTC (blank
squares) showing the increase of aniline and decrease of PTC in solution over time relative to the
residual solvent peak. C) Emission spectra of CdSe QDs (R = 1.31 nm) before and after treated with
PTC to achieve a AR = 0.1 nm at 0, 24 and 48 h. Recovery and eventual enhancement of the CdSe
QD PL over time corresponds to the degradation of excess PTC. D) 'H NMR spectra of a solution
of NH,-PTC in d4-methanol added to either 0.8 mL CDCl; or 0.8 mL (black) or to 0.8 mL of CdSe
QDs in CD,Cl, after stirring for 10 min., to show the disappearance of NMR signals from PTC
protons upon adsorption to the surfaces Of QIDS.....cciieiiirnieininniciericereeere e 35

Figure 2.3. (Top) Photograph showing the formation of a white precipitate (cadmium
bis(phenyldithiocabamate) Cd(PTC)2) upon addition of cadmium acetate (Cd(ac),) to a solution of
PTC in methanol and CH,Cl, co-solvent. (Bottom) "H NMR spectra (in CD;OD) of PTC and PTC
+ Cd(ac), after one and two filtrations. Upon addition of Cd(ac),, the NMR signals due to free PTC
disappear entirely. This is demonstrated by the disappearance of the doublet at 7.65 ppm, the overlaid
triplets at 7.12 ppm resolving to a single triplet attributed to aniline, and the disappearance of the
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triplet at 7.28 reappearing as a doublet attributable to either phenylisothiocyanate or the Cd(PTC):
complex. We also include spectra of (Cd(PTC),), as well as aniline, phenylisothiocyanate, and N,N’-
diphenylthiourea, the degradation products of PTC. .........ccccouiiiviniiiiiniiiiniiiciriceieceeeicenenenes 36

Figure 2.4. A) Emission spectra of a sample of CdSe QDs with no further treatment (“QDs only”), a
sample of CdSe QDs treated with cadmium acetate (“QDs + Cd*”), a sample of CdSe QDs treated
with PTC to achieve AR = 0.05 nm (“QDs + PTC with AR = .05 nm”), and a set of samples of CdSe
QDs treated first with PT'C to achieve a series of AR values, and then with the same amount of
cadmium acetate (“QDs + PTC + Cd*"”). All samples are in CH>Cl» and are excited at 460 nm, and
their photoluminescence intensities (PL) are scaled by their absorbances at 460 nm. Also shown on
top of the spectra are photographs of three of the samples (as labeled) showing the quenching of PL
by PTC, and the recovery of the PL of PTC-treated QDs by addition of cadmium acetate. Addition
of cadmium acetate to the PTC-treated sample with AR = 0.05 increases the PL intensity of the sample
by a factor of 1.9, after accounting for the increase in absorption intensity. B) A plot of PL/PL, — the
PL intensity of the sample of QDs treated with PTC and cadmium acetate divided by the PL intensity
of the sample of QDs treated with cadmium acetate but with no added PTC — as a function of AR.

Figure 2.5. Emission spectra of Rhodamine B in CH2Cl, and CdSe QDs in CH2Cl, with 50 pl MeOH.
All samples are excited at 460 nm, and their photoluminescence intensities (PL) are scaled by their
absorbance at 460 nm. The quantum yield (QY) of the QDs is calculated to be ~2% relative to
Rhodamine Bu. ...ttt 42

Figure 2.6. Ground state absorption spectra of CdSe QDs (R=1.42 nm) (no PTC) and QDs at 24 h,
30 h and 48 h after treated with PTC to achieve a AR = 0.07 nm. The first excitonic absorption peak
of the QDs treated with PTC is almost unchanged, which indicates a stable AR over at least 48 h. .42

Figure 2.7. Ground state absorption spectra of PTC-treated QDs with a series of AR values before
(“QD+PTC”) and after (“QD+PTC+Cd*"”) the treatment with cadmium acetate. The absorbance of
the sample at wavelengths shorter than 400 nm — the region where PTC absorbs — significantly
decreases due to the formation of cadmium /is-(phenyldithiocarbamate) precipitates. The addition of
cadmium acetate also results in a 2-to-4 nm bathochromic Shift. .........cccccoevviiiiniiinniiiiines 43

Figure 2.8. A) Absorption spectra of CdSe QDs with a radius R=2.5 nm in CH2Cl,, and the same QDs
treated with PTC for increasing amounts of time. B) Emission spectra of a sample of CdSe QDs
(R=2.5 nm) treated with cadmium acetate (“QDs + Cd**”) and a set of samples of CdSe QDs treated
first with PTC with increasing amount of time, and then with the same amount of cadmium acetate
(“QDs + PTC (1~12 h) + Cd*”). All samples are in CH-Cl, and are excited at 460 nm, and their
photoluminescence intensities (PL) are scaled by their absorbances at 460 nm. We observe a small
(~3-4 nm) blue-shift of the absorbance and PL spectra of these samples due to etching of their
surfaces by PTC. This blue-shift is apparent for these samples, and not for the samples of smaller
QDs, since AR = 0, but the etching may also occur in the samples of smaller QDs and lead to a
systematic underestimating of AR. C) PL decay curves of the same set of samples shown in B). Black
solid lines are the best fits of the decay curves to a multi-exponential function with the fitting
parameters listed 1 Table 2.1 . ..ot 44
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Figure 2.9. A) A two-dimensional slice of the three-dimensional hole wavefunction, taken through the
center of the nanoparticle. The probability density is plotted against the x and y coordinate for four
different ligand surface coverages. The electron wavefunction has spherical symmetry and is sketched
as a radial slice (black curve). B) The square of the overlap integral between the hole and electron
wavefunctions versus the fractional ligand surface coverage. The overlap increases to a maximum at
50% surface coverage, then dECIEASES. ......cccuiiviuiiiiiiriiiiiriiiei e 45

Figure 2.10. The vinyl proton region of the NMR spectra of oleate-capped QDs (“CdS-OA QDs”); a
mixture of Cd(oleate)s, oleic acid, and CdO (“Cd-OA”); and free oleic acid (“Free OAc”) in (A) CeDe,
(B) CsD1, (C) CDCls. The legends indicate the sample concentrations. The vertical lines are guides to
the eye. The y-axes are intensity in arbitrary units. Note that the x-axes are not the same for each figure

Figure 2.11. A), B), C) Comparison between 'H NMR signal from oleate-capped CdS QDs (0.1 uM)
and the background in CsDs, CsD12 and CDCls. D) Comparison between "H NMR signal from oleate-
capped CdS QDs (10 nM) and the background in CeDe. ..oovvuiviiiiiiiiiiiiiiiiiiiciciicccccccnes 50

Figure 2.12. FTIR spectra for 1 uM oleate-capped QDs (“CdS-OA QDs”, blue), 2 mM cadmium
oleate with oleic acid impurity (“Cd-OA”, red), and 2 mM oleic acid (“Free OAc”, black), in C¢Ds.
The y-axis is intensity in arbitrary units. The peak at 1709 cm™ corresponds to the C=O stretching
mode of the carbonyl group in oleic acid. The peak at 1750 cm™ is its side-band. The peak at ~1530
cm’ cotresponds to the O-C-O stretching modes of bridging and chelating carboxylates within
cadmium-bound oleate. Resolution of the measurement is 2 cm™ for Cd-OA and oleic acid and 8 cm’

" OT CAS-OA QDDS. werieriireireeisetiseiseeese ettt 51
Figure 2.13. "H NMR spectra of oleate-capped CdS QDs at 10 uM (black line), after dilution to 1 pM
(red line) and after re-concentrating to 10 uM (green HNe). ...ccvccerriicieerinieieirccereeeeceeeeeees 52

Figure 2.14. Ground state absorption (solid, left axis) and emission (dashed, right axis) spectra for
oleate-capped CdS QDs in (A) C¢Ds, (B) CsD12 and (C) CDCls. The sample concentrations are 1 uM

(black), 0.5 uM (red), 0.25 uM (green), 0.125 uM (blue), and 0.1 pM (cyan). Insets: plots of the
difference between the integrated band-edge PL (centered at 490 nm) and the integrated “trap
emission”, centered at 605 nm (scaled by the total PL intensity), vs. the concentration of the sample.

Figure 2.15. A) Photoluminescence (PL) spectra of oleate-capped CdS QDs in CDCl; with and
without 1000 equivalents of p-benzoquinone (BQ) added. The PL spectra are scaled in intensity by
their absorbance at the excitation wavelength, 390 nm, and plotted relative to the intensity of the band-
edge emission peak of the 1 pM CdS QD sample with no added BQ (black curve). Insez: A magnified
version of the band-edge PL peak of A, which shifts to higher energy upon addition of BQ due to
mild etching of the QD sutface. B) Plot of PL/PLy, the fraction of QDs that ate still emissive after
addition of 1000 equivalents of BQ), vs. the absolute concentration of QDs.......cccccoevviviiiiiiiicinnnnes 56

Figure 3.1. A) Schematic of the ligand exchange process, where each C6-PTC, added as ecither the
DIPEA salt (shown) or the TEA salt (not shown), displaces, on average, one cadmium oleate complex
(two oleate ligands) in order to bind to the core of the QD. The text explains how we determine the
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stoichiometry of the ligand exchange. B) Ground state absorption spectra of CdS QDs (R = 2.5 nm)
treated with increasing (black to red) molar equivalents of C6-PTC (0 — 717); the spectra are
normalized to the height of the lowest-energy excitonic peak. We use the magnitude of the
bathochromic shift of this peak and experimentally determined calibration curves of the size of the
QD core vs. its bandgap to calculate the parameter AR, the apparent increase in excitonic radius upon
ligand exchange, at each surface coverage of CO-PTC......ccccoiiiiviiiiiiniiiiiiiiciiiceccceeaens 68

Figure 3.2. A) The vinyl proton region within "H NMR spectra of the oleate-coated CdS QDs (R =
2.5 nm) when treated with various concentrations of C6-PTC (increasing [C6-PTC] from black to
red), in d6-benzene. The spectra are normalized to the height of a ferrocene internal standard (see
Supporting Information for the full NMR spectra for these QDs and for the QDs with radii of 1.9
nm). Inset: NMR spectra of free DIPEA, DIPEA-C6-PTC, and CdS QDs with ~538 equivalents of
DIPEA-C6-PTC. The peak shown is from the ethylene protons of the ethyl group. B) The number
of Co6-PTC molecules and its degradation products — 4-hexylaniline (AN), 4-
hexylphenylisothiocyanate (ITC), and N,N’-/is(4-hexylphenyl)thiourea (TU) — in each sample of C6-
PTC-treated CdS QDs (R = 2.5 nm), counted by NMR as described in the text. The total number of
phenyl rings counted from the NMR spectrum at each added concentration of C6-PTC is shown in
black and fit to a line with forced intercept at (0,0); the fit line has a slope of 1.1. This result shows
that, when we assume that each C6-PTC displaces 2 oleate molecules, we account for all of the added
C6-PTC molecules as either bound C6-PTC, or a freely diffusing degradation product. The Supporting
Information contains this plot for the QDs with R = 1.9 nm, for which the fit line has a slope of 1.3,
as well as for QDs with R = 2.5 nm treated with TEA-C6-PTC, for which the fit line has a slope of
OO OO OO OO OO PO PO TO RO 71

Figure 3.3. A) A plot of AR vs. the number of bound C6-PTCs (as measured by the number of
displaced Cd(oleate), ligands in the NMR spectra) on CdS QDs with R = 1.9 nm (blue) and R = 2.5
nm (red). The solid lines represent the simultaneous fits to eq 5 for each size, where N, is fixed at
the maximum theoretical number of bound ligands, Ark = CkAr0, and Ck = 1. The dashed lines
are linear fits to the data with a forced intercept at (0,0). B) Simulated response of AR vs. number of
bound C6-PTCs on CdS QDs with R = 1.9 nm, calculated using a 3D spherical potential well model
(schematic shown in inset) where increased surface coverage of the delocalizing ligand corresponds to
a lower average barrier height (which ranges from 0 to 2.3 eV) for the excitonic hole. C) Simulated
response of AR to the surface coverage, 0, of delocalizing ligand for spheres with radii of 1.1 and 3.2
nm. We show the average (points) and range over five trials (error bars) for each size. Inset: Simulated
response of AR to 0 for a sphere with a radius of 1.1 nm, where the delocalizing ligands are either
placed maximally far apart on the sphere’s surface (hollow circles) or in a Janus particle-like
configuration with maximal adjacency (solid circles), for barrier heights of 0 eV (black) and 0.6 eV
(blue). From these plots, it is evident that a greater number of adjacent ligand interactions on the
surface of the sphere results in a greater AR.......ccooiiiiiiiiiiiiiiiiee 74

Figure 3.4. Hollow circles: Plots of the calculated values of Ary — the contribution to AR per isolated
(k = 0) delocalizing ligand — for barrier heights of O (black), 0.6 (red), and 1.2 (green) eV vs. bandgap
(Eg) of the QD coated entirely by native insulating ligands. Solid turquoise circles: Plots of the
measured values of Ary for R = 1.9 nm (E, = 3.0 ¢V) and R = 2.5 nm (E, = 2.8 ¢V). The error bas
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arise from the fits of the dataset AR vs. (no. of bound C6-PTC) £8(no. of bound C6-PTC),
respectively, in FIGUIE 3.3A. .. 81

Figure 3.5. We plot AR as a function of bound C6-PTCs per QD for CdS QDs with R=2.5 nm. We
used C6-PTC with two different counterions: DIPEA (black) and TEA (red). In the plot, we observe
that the counterion of C6-PTC does not significantly affect the shape of the AR #s5. bound C6-PTCs

Figure 3.6. Plots of the total number of phenyl rings per QD (from C6-PTC and its degradation
products) in each sample, measured by NMR, 5. the number of phenyl rings per QD added to each
sample, for a mixture of C6-PTC and 2.5 nm CdS QDs (A, with TEA as the counterion) and 1.9 nm
CdS QDs (B, with DIPEA as the COUNLELION). ...ccviiiiieiiiciciiieieieieeieieieieieteieiesesssssisssssesseseeessesaeaes 89

Figure 3.7. The vinyl regions of the NMR spectra of CdS QDs with R = 2.5 mixed with 0-800 molear
equivalents of C6-PTC. The spectra were acquired at six time points after the initial mixing of C6-
PTC with CdS QDs. These spectra show that C6-PTC, once bound to the QD surface, remains bound
over the COUrse Of OVEL 02 NOULS. ....c.cuviiiiiiiicieiricetrce ettt 90

Figure 3.8. To calculate AR from the confinement energies from the spherical potential well model,
we fit a calibration curve to calculated confinement energy for the non-delocalizing potential wells »s.
radius. The resulting calibration curve is described by eq 3.7, which was used to calculate a radius for
different surface coverages of delocalizing ligands. We subtracted the radius for a surface coverage of
zero from this radius to obtain AR.......ccoiiiiiiiiiiiii 91

Figure 3.9. Plot of AR us. equivalents of C6-PTC added to CdS QDs with R = 2.5, at a series of time
points during the ligand exchange. We obtained these data from the same samples used to collect the
NMR spectra shown in Figure 3.7. This plot shows that the bathochromic shift upon ligand exchange
with C6-PTC stays fairly constant over time, which further implies that once bound, C6-PTC does
not desorb from the QDD SULTACE. c.c.cviviiieiiuiiriririciccre ettt st ee 91

Figure 3.10. Plot of AR, calculated using a simple three-dimensional particle-in-a-spherical potential
well model, #s5. the number of bound delocalizing ligands for a 2.5-nm core radius. A similar plot for
a core with a 1.9-nm radius is shown in the main text, Figure 3.3B. ......cccccovviiiniiniiiiiiines 92

Figure 3.11. We calculated adjacency number, £, by tracking the number of neighboring delocalizing
ligands for each bound delocalizing ligand in our 3D pseudopotential model. We plot the average
adjacency, A, of the bound delocalizing ligands as a function of surface coverage for several core
sizes. Ligands placed as close together as possible are solid circles, and ligands placed maximally far
apart are hollow circles. We see that, at surface coverages = 0.2, adjacency is zero for the minimally
adjacent case; it then increases rapidly to reach an average adjacency of ~0......ccooevuviviiiivivinicncnnnnes 92

Figure 3.12. Linear fits of the calculated AR from the pseudopotential model »s. the number of bound
delocalizing ligands for the zero adjacency case (0 =< 0.2, open circles, Figure 3.11), where ligands are
placed maximally far apart on the surface. The slope of each line corresponds to 4r0. We report the
slopes and fit errors in Table 3.1 .o 93
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Figure 3.13. TEM images of oleate-capped (A, B) and C6-PTC-capped (C, D) CdS QDs. The oleate-
capped CdS QDs (measured from 14 QDs) measure 3.7 *+ 0.4 nm in diameter and the C6-PTC)
capped CdS (measured from 12 QDs) measure 3.6 * 0.3 nm in diameter from Image/ analysis. ......94

Figure 3.14. Adjacency distribution of ligands from simulation of R = 3.2 nm sphere with 515 surface
sites for surface coverages ranging from 0.2 — 0.8. The solid lines are guides to the eye. Inset: Schematic
representation of a section of the QD surface, showing the individual surface sites as circles. Open
circles represent empty binding sites, and filled circles represent filled binding sites. Each site has 6
nearest-neighbor sites. The bound ligand outlined in red has two adjacent ligands (k = 2)................. 95

Figure 3.15. Plots of calculated AR (from our pseudopotential model) #s. delocalizing ligand surface
coverage, showing five random trials of delocalizing ligand placement on the surface of a spherical
potential well with four different radii. The points and error bars show the average and range,
respectively, of the calculated AR values for a given arrangement of delocalizing ligands (that impose
a barrier height of 0 eV) on the surface. It is evident that smaller sphere sizes show a much greater
variation in AR at a given surface coverage. This phenomenon is due to different degrees of ligand
adjacency, which has a greater impact on small spheres because each bound ligand takes up a greater
fraction of the total SUITACE ArA. .....cccuiiiiiiiiiiici e 96

Figure 3.16. The aromatic region of 'H NMR spectra of A) 4-hexylaniline, B) TEA-C6-PTC, and C)
DIPEA-C6-PTC in d6-benzene. The vertical lines are guides to the eye, and highlight the peaks
assigned to 4-hexylaniline (blue), 4-hexylphenylisothiocyanate (ITC, green), d6-benzene (purple), and
CO-PTC (). cuvuiiiiiiiiiiiic s 97

Figure 3.17. Full NMR spectra of ~717 molar equivalents of C6-PTC mixed with A) 2.5 nm CdS QDs
with DIPEA as the counterion B) 2.5 nm CdS QDs with TEA as the counterion, and C) 1.9 nm CdS
QDs with DIPEA as the counterion. These spectra possess a complex aliphatic region, easily
interpretable vinyl region, and multiple aromatic peaks which we assign to the degradation products

of C6-PTC. Further NMR details are discussed below, in Figures 3.18-3.21.......ccccccvvvvniiiniiinnnnes 98

Figure 3.18. The vinyl region of the NMR spectra shown in Figure 3.17 (at all concentrations of C6-
PTC), for A) 2.5 nm QDs with TEA as the counterion and B) 1.9 nm CdS with DIPEA as the
counterion. The corresponding NMR spectra for 2.5 nm CdS QDs with DIPEA as the counterion
are shown in the main text, FIGUure 2A. ..o 99

Figure 3.19. Plots showing the conservation of phenyl rings per QD (similar to Figure 3.2B) for
alternate stoichiometries of the C6-PTC-for-oleate exchange. A) and B) show a one-to-one
displacement of C6-PTC for oleic acid, and the case where one C6-PTC displaces an average of 1.5
oleates, respectively, for 1.9 nm CdS QDs with DIPEA counterion. C) and D) show the same for 2.5
nm CdS QDs with TEA counterion, and E) and F) show the corresponding plots for 2.5 nm CdS
QDs With DIPEA COUNTEIION. tuttrtttitiiiririrteieieiitrirtetetetststeteseieestst st eseststesesesesests st besesestssesesesesessesesesenens 100

Figure 3.20. Peak assignments for the 'H NMR spectra of samples of C6-PTC mixed with 2.5 nm CdS
QDs with DIPEA as the counterion (the same samples depicted in Figure 3.17A and Figure 2A in the
main text). Here, we show A) the aromatic region, B) the downfield aliphatic region from 2-3.5 ppm,
and C) the upfield aliphatic region from 0.5-2 PPIML. ...vveeveiririiieirinieeirneeeeereeee e 101
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Figure 3.21. '"H NMR signals of the A) TEA ethylene protons and B) DIPEA (CHj3).CH- (isopropyl)
proton for the free counterion, free C6-PTC, and C6-PTC + QDs showing the broadening of the
counterion protons upon addition of QDs, which indicates adsorption of the counterion to the QD
SULTACE. 1.ttt b bbb bbbttt bbb 102

Figure 3.22. A) Absorption spectra of CdS QDs with 200 and 800 added equivalents of unsubstituted
aniline (AN), phenylisothiocyanate (ITC), and N, N’-diphenylthiourea (TU). Only 800 equivalents of
TU induces a detectable bathocromic shift of the spectrum. The inset shows a zoom-in of the
excitonic peak; the spectra of the blank and TU samples are solid lines, whereas the other samples are
dashed lines. B) The vinyl region of the spectra of CdS QDs (black), and mixtures of CdS QDs with
800 equivalents of aniline (AN, blue), phenylisothiocyanate (ITC, yellow), and N,N’-diphenylthiourea
(TU, green). Only TU displaces oleate from the CdS QD surface when it is added. .........cccevvunnnes 102

Figure 3.23. A) The vinyl region of 'H NMR spectra of CdS QDs with 0-800 equivalents of N,N’-
bis(4-hexylphenyl)thiourea (TU), showing partial oleate displacement. Inset: Plot of displaced oleate
(OA) per QD vs. the measured TU per QD (as measured by direct integration of the TU NMR peaks),
fit to a Langmuir-type function. B) Aromatic region of the NMR sequential NMR spectra of CdS QDs
with 0-800 equivalents of N,N’-/is(4-hexylphenyl)thiourea (TU), showing moderate broadening and
shifting of one of the aromatic peaks relative to free TU with no QDs (gray trace). There is some free
TU present with QDs, but much of it is bound.........ccoiiiiiiiiiiies 103

Figure 3.24. Plot of AR »s5. C6-PTC surface coverage for CdS QDs with R = 1.9 nm (blue) and R =
2.5 nm (red). We show the fit to our model with a solid line, a quadratic function with a dashed line,
and a linear function with a dotted line. .......ccccevviiiiiiiiiiiiii 105

Figure 3.25. A) Calculated AR ss. fractional surface coverage of delocalizing ligand with a barrier height
of 0 eV. The solid circles are data points where the delocalizing ligands have been placed in a Janus
particle-like configuration with maximum adjacency, and the hollow circles are points where the
delocalizing ligands are placed maximally far apart on the surface, with minimal adjacency. It is clear
that, at a surface coverage, delocalizing ligands with more adjacency result in a greater AR, even though
their distribution is less isotropic. B),C) are schematic images of what maximal (B) and minimal (C)
adjacency looks like at a delocalizing ligand surface coverage of 30% (marked on A as a red line),
where the native ligands are blue and the delocalizing ligands are red. Although the minimal adjacency

case (C) is more isotropic, it has a smaller AR (hollow spheres) than the maximal adjacency case (B).
......................................................................................................................................................................... 105

Figure 4.1. Schematic showing the film deposition technique used in this study. QDs in hexanes were
pipetted over a float glass slide submerged in acetonitrile (ACN). Due to the immiscibility of hexanes
and ACN, the QDs self-assemble into a single monolayer at the air-solvent interface. .................... 115

Figure 4.2. A) The bathochromic shift of the first excitonic peak of PbS QDs upon exchange with
CHs-PTC, in a QD film composed of one to three QD monolayers. We quantify the bathochromic
shift using the parameter AR, the apparent increase in excitonic radius of the QDs, which we obtain
from empirically detived sizing curves.' B) A plot of the measured conductivity (in the dark) of CH;-
PTC-treated PbS QD films as a function of the film thickness in monolayers. Each data point
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corresponds to a single measurement on a section of QD film (some films had multiple measurements
taken from dIffEIENE ATEAS). cueueueuiririiriiiririririr ettt ettt ettt s nees 116

Figure 4.3. Current vs. voltage curves for PbS QD films treated with mixtures of benzoic acid (BA)
and CH3-PTC. Where there is less than 100% CH3-PTC, the remainder of the ligand mixture is
composed of BA (for example, 25% CH;-PTC films were exchanged with a 1:3 mixture of CHj;-
PTC:BA. We treated each QD film with approximately 1000 molar equivalents of ligand per QD. The
black traces correspond to measurements taken in the dark, and the green traces correspond to
measurements taken under 532-nm illumination. The insets show the same data zoomed in to show
the y-axis range. From these figures, we observe hysteresis at low CH;-PTC concentration, with a
“turn-on” of conductivity that occurs between 25% and 75% CH3-PTC. From 75% to 100% CHs-
PTC, we observe an order of magnitude increase in CONAUCHVILY. ....covviiiiriiiiciiiiiiiicenee, 117

Figure 4.4. SEM images of PbS QD films exchanged with A) 4-methylphenyldithiocarbamate (CHs-
PTC) or B) benzoic acid (BA). We observe no major structural or packing differences between these
two films; both have approximately hexagonally close-packed QDs with many cracks and defects
PIESEIIE. 1ovttitiuiietet ettt R bR bbb bbbttt b aes 118

Figure 4.5. SEM image of a 2-ML PbS QD film treated with PTC. This image reveals large cracks and
heterogeneities present in the film, which is the likely culprit of our reproducibility problems and lower
than expected conductivity of PTC-treated PbS QD films. ....cccovvviiiiiiviiiiiiiiiiiccccce, 120

Figure 4.6. Current vs. voltage curves for spin-coated PbS QD films treated with A) BA and B) CHs-
PTC. The black traces correspond to measurements taken in the dark, and the green traces correspond
to measurements taken under 532-nm illumination. The maximum current for CHs-PTC-treated films
is ~2 nA, and the corresponding maximum current for BA-treated PbS QD films is ~20 pA. ...... 121

Figure 4.7. Schematic of the proposed future electrode fabrication and deposition process. First, a
PDMS stamp is poured onto a smooth silicon wafer and cured using half of the typical amount of
crosslinking agent. Once cured, the PDMS stamp is removed from the silicon wafer, and gold
electrodes are deposited by thermal evaporation through a prefabricated shadow mask. Finally, the
stamp is pressed onto the substrate to transfer the electrodes onto the surface of the QD film..... 122

Figure 4.8. Our electrochemical measurement setup. A) Schematic of the PbS QD film on top of a
float glass substrate. We used conformal electrodes fabricated from a eutectic of gallium and indium
(EGain) templated by PDMS. We applied a potential across these electrodes and measured the
resulting current across the film, for PbS QD films treated with different ligands. B) Top and C)
bottom views of the EGaln electrodes on top of a QD film. Adapted from McPhail e# a/°............ 124

Figure 5.1. Schematic of the QD-linker-ZnPc conjugates employed in this study and photoinduced
hT scheme. The QD is selectively excited at 430 nm, and subsequently transfers a hole to the ZnPc.
We refer to these complexes as “CdS-NCS,-ZnPc” and “CdS-SH-ZnPc” in the text. .....ccceveueuunes 131

Figure 5.2. Ground state absorption spectra of the CdS QDs (black), ZnPc (blue), a mixture of CdS
QDs with 250 molar equivalents of ZnPc (navy), ZnPc with 50-150 molar equivalents of pyr-SH (teal-
light green), CdS-SH-ZnPc (lime green), ZnPc with 50-150 molar equivalents of pyr-NHCS; (violet-
maroon), and CdS-NHCS,-ZnPc (red). Spectra have been vertically offset for clarity.........ccou.e..... 132
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Figure 5.3. A) Normalized ground state absorption spectra for CdS QDs exchanged with 50-200
equivalents of pyr-NCS; (shades of red) and pyr-SH (shades of blue). B) Plot of AR, the apparent
increase in excitonic radius, as a function of added ligand (pyr-NCS; or pyr-SH). The points and error
bars correspond to the average and standard deviation, respectively, of three identically prepared
samples of oleate-capped CdS QDs exchanged with one of these ligands. For the same quantity of
ligand added to the CdS QDs, the pyr-NCS; delocalizes the QD exciton to a greater degree than pyr-
SH. To obtain these AR values, we took the average first excitonic peak of six blank CdS QD samples,
and used this peak position as Rin.. The value of AR is equal to R-Rini, where R is calculated from Aas
using the calibration curves from YU e @l .......ccovveineeniineeineinciesesene e ssseesess e sseseseesees 133

Figure 5.4. A) Full TA spectra of the CdS-NHCS,-ZNPc complex from 1-2000 ps after excitation at
420 nm. The bleach at 606 nm corresponds to direct absorption of the ZnPc Q-band. The peak at
500 nm appears to correspond to the oxidized form of ZnPc, ZnPc™. The large absorption below 450
nm is from the excitation at 420 nm. B) Spectroelectrochemistry of ZnPc in DCM, with an applied
potential of + 0.8 V vs. Ag (pseudoreference). The gradient from black to red shows an increase in
time (0-75 minutes). Over time, the Soret and Q-band of neutral ZnPc (325 and 680 nm, respectively)

decrease, and we observe the appearance of a peak at 500 nm, which corresponds to the radical cation
OF ZAPC.7 oottt ettt s s s e n s aees 134


file://///cybertron.dyndns.ws/weissbox/Rachel/Thesis/Revisions/FULL_THESIS_REVISED_LINKED_v1.docx%23_Toc482959013
file://///cybertron.dyndns.ws/weissbox/Rachel/Thesis/Revisions/FULL_THESIS_REVISED_LINKED_v1.docx%23_Toc482959013
file://///cybertron.dyndns.ws/weissbox/Rachel/Thesis/Revisions/FULL_THESIS_REVISED_LINKED_v1.docx%23_Toc482959013
file://///cybertron.dyndns.ws/weissbox/Rachel/Thesis/Revisions/FULL_THESIS_REVISED_LINKED_v1.docx%23_Toc482959013
file://///cybertron.dyndns.ws/weissbox/Rachel/Thesis/Revisions/FULL_THESIS_REVISED_LINKED_v1.docx%23_Toc482959013
file://///cybertron.dyndns.ws/weissbox/Rachel/Thesis/Revisions/FULL_THESIS_REVISED_LINKED_v1.docx%23_Toc482959013
file://///cybertron.dyndns.ws/weissbox/Rachel/Thesis/Revisions/FULL_THESIS_REVISED_LINKED_v1.docx%23_Toc482959013
file://///cybertron.dyndns.ws/weissbox/Rachel/Thesis/Revisions/FULL_THESIS_REVISED_LINKED_v1.docx%23_Toc482959013
file://///cybertron.dyndns.ws/weissbox/Rachel/Thesis/Revisions/FULL_THESIS_REVISED_LINKED_v1.docx%23_Toc482959013
file://///cybertron.dyndns.ws/weissbox/Rachel/Thesis/Revisions/FULL_THESIS_REVISED_LINKED_v1.docx%23_Toc482959014
file://///cybertron.dyndns.ws/weissbox/Rachel/Thesis/Revisions/FULL_THESIS_REVISED_LINKED_v1.docx%23_Toc482959014
file://///cybertron.dyndns.ws/weissbox/Rachel/Thesis/Revisions/FULL_THESIS_REVISED_LINKED_v1.docx%23_Toc482959014
file://///cybertron.dyndns.ws/weissbox/Rachel/Thesis/Revisions/FULL_THESIS_REVISED_LINKED_v1.docx%23_Toc482959014
file://///cybertron.dyndns.ws/weissbox/Rachel/Thesis/Revisions/FULL_THESIS_REVISED_LINKED_v1.docx%23_Toc482959014
file://///cybertron.dyndns.ws/weissbox/Rachel/Thesis/Revisions/FULL_THESIS_REVISED_LINKED_v1.docx%23_Toc482959014
file://///cybertron.dyndns.ws/weissbox/Rachel/Thesis/Revisions/FULL_THESIS_REVISED_LINKED_v1.docx%23_Toc482959014
file://///cybertron.dyndns.ws/weissbox/Rachel/Thesis/Revisions/FULL_THESIS_REVISED_LINKED_v1.docx%23_Toc482959014

20
LIST OF SCHEMES

Scheme 2.1. The anionic ligand phenyldithiocarbamate (PTC). It is added to dispersions of CdSe QDs
aS AN AMMONIUM SALL. tuuiuiiiiiiiiiiiieieiiiee ettt 31

Scheme 2.2. Schematic representation of a cross-section of a CdS QD capped with oleate ligands in
both bridging (gray) and chelating (blue) binding modes. Red circles represent cadmium ions and
yellow circles represent sulfur ions. Although this 2D slice of the QD is not charge balanced, in 3D,
the oleate ligands (with a 1- charge) balance the excess Cd** ions over the entire surface of the QD.

Scheme 4.1. The chemical structures of 4-methylphenyldithiocarbamate (CH;-PTC) and benzoic acid
(BA), the two QD ligands investigated in this Study. .......cccoeeiiiiiiiiiiiii 109


file:///C:/Users/Rachel/Desktop/FULL_THESIS_SUBHEADINGS_v7.docx%23_Toc481602077
file:///C:/Users/Rachel/Desktop/FULL_THESIS_SUBHEADINGS_v7.docx%23_Toc481602077
file:///C:/Users/Rachel/Desktop/FULL_THESIS_SUBHEADINGS_v7.docx%23_Toc481602078
file:///C:/Users/Rachel/Desktop/FULL_THESIS_SUBHEADINGS_v7.docx%23_Toc481602078
file:///C:/Users/Rachel/Desktop/FULL_THESIS_SUBHEADINGS_v7.docx%23_Toc481602078
file:///C:/Users/Rachel/Desktop/FULL_THESIS_SUBHEADINGS_v7.docx%23_Toc481602078
file:///C:/Users/Rachel/Desktop/FULL_THESIS_SUBHEADINGS_v7.docx%23_Toc481602078
file:///C:/Users/Rachel/Desktop/FULL_THESIS_SUBHEADINGS_v7.docx%23_Toc481602079
file:///C:/Users/Rachel/Desktop/FULL_THESIS_SUBHEADINGS_v7.docx%23_Toc481602079

21

LIST OF TABLES

Table 2.1. Time Constants for Decay of the PL, PL/PL, and k./k: of CdSe QDs (R = 2.5 nm) upon

Treatment with NHy PTC and cadmitum ACETALE. .....uvurereiuieceeererieniiereeeiersesiesieseseesessesesseseesasssessens 45
Table 2.2. Number of Free and Bound Oleates within Samples of Oleate-Coated CdS QDs. ........... 53
Table 3.1. Values of Ary, Calculated from the Linear Fits of the Zero-Adjacency Case in the Minimal
Adjacency Plots where 0 = 0.2 (Figure 3.12). ...cccoiiiiiiiiiiiiiiiic s 106
Table 3.2. Experimental values of Ar, from fits of Figure 3A to eq 5 and 6 in the main text. ......... 106
Table 3.3. Values of AR for CdS QDs with R = 1.9 nm, Measured Before and After NMR Analysis.
......................................................................................................................................................................... 106
Table 4.1. Field-Effect Measurements of the Electrical Properties of Colloidal QD Filmes.............. 112

Table 4.2. Measurements of Photo-electrical Properties of Colloidal QD Films. .....cccccevvvviicinnnnes 114



22

1 INTRODUCTION

Adapted from: Harris, R.D.*; Bettis Homan, S.* et al. Electronic Processes within Quantum Dot-

Molecule Complexes. Chen. Rev. 2016, 776 (21), pp 12865-12919.

1.1  Chapter Summary

A quantum dot (QD) is a single crystal of semiconductor with an electronic wavefunction that is
quantum-confined in all three dimensions. This chapter introduces the physical and optoelectronic
properties of colloidal QDs, and some of their potential applications. We describe the importance of
the QD ligand shell in determining a QID’s properties; research on interactions of ligands with colloidal
QQDs has revealed that ligands determine not only the excited state dynamics of the QD but also, in
some cases, its ground state electronic structure. Specifically, we discuss the measurement of the
electronic structure of colloidal QDs and the influence of their surface chemistry, in particular,
exciton-delocalizing ligands, on their electronic energies. We also describe the analytical techniques
used to characterize (both qualitatively and quantitatively) the QD ligand shell. This chapter concludes

with an outline of the topics covered in this dissertation.

1.2  What are Quantum Dots?

A quantum dot (QD) is a single crystal of semiconductor with an electronic wavefunction that is
quantum-confined in all three dimensions. Quantum confinement for QDs is defined in terms of its
excitonic states. An exciton (electron-hole pair) in a bulk semiconductor has a characteristic
delocalization length, quantified through the “Bohr radius” parameter, which depends on the

material’s band structure.”” The Bohr radius for a semiconductor (in contrast to its definition for
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hydrogenic systems) is the most-probable distance between the electron and hole within the exciton.
The exciton becomes quantum-confined when one or more spatial dimensions of the semiconductor
crystal are on the order of or smaller than this natural delocalization radius. The energies for quantum-
confined excitons (at least the kinetic, or “confinement” energies) are discretized approximately
according to the version of a simple particle-in-a-box potential model that is appropriate for the shape
of the crystal in the confined dimension(s). The source of quantum confinement for a QD, which if
spherical has states with the energies that approximate those dictated by the boundary conditions of
a particle in a spherical potential well, is the sharp dielectric interface between the single crystalline
core of the QD and its surrounding environment. This interface amounts to a tunneling barrier for
the excitonic charge carriers (electron and hole) that, for sharp dielectric contrast, is effectively
infinitely high. As a result, QDs have a dependence of their band gaps on their size, which leads to
size-tunable optoelectronic properties and makes them desirable for applications in display and
lighting technology, biological imaging, photocatalysis, and quantum computing. Modifications to this
QD core-environment interface, by changing the molecules that are coordinated to the QD’s surface
or by depositing a shell of inorganic semiconductor with a different bandgap, change the height and
shape of the potential barrier (changes in height have been modeled more extensively than changes in
shape) and therefore the degree of tunneling of the electron and hole wavefunctions into the interfacial
region.

Is the electronic structure of a quantum dot special? Does it lead to photophysical and chemical
processes and electronic dynamics and energy dissipation pathways that are not observed in bulk
semiconductor systems or in purely molecular systems? The answer is, of course, “yes”, for two major
reasons: (i) the electrons within QDs are quantum-confined, as described above, and (i) the high

surface-area-to-volume ratio of QDs demands that a large fraction, sometimes the majority, of the



atoms in the QD directly interface their
environment. The latter reason is the defining
characteristic of all nanostructures,
semiconductor or other. Perhaps a more subtle
point is that, for QDs, the quantum confinement
amplifies the influence of the environment on the
properties of the nanocrystal because the local
environment shapes the dielectric interface that
determines the boundary conditions for the
wavefunction. The core-environment interaction
of a colloidal QD is therefore important in
determining not only the excited state dynamics
of the QD (the processes that occur out of
equilibrium) but also the ground state electronic
structure of the QD.

1.3 The Importance of QD Surface

Chemistry.

When particles are reduced in size to the
nanoscale, the surface area to volume ratio
increases rapidly. This increase in surface area
relative to volume occurs because surface area

scales as r* whereas volume scales as r’ (Figure

1.1). The large number of surface atoms with
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Figure 1.1. A Plot of the surface area to volume
ratio (SA/V) of a sphere as a function of radius.
As the radius increases, the SA/V decreases
rapidly, then levels off after ~10 nm. Inset:
Pictographic representation of nanoparticles with
increasing size, showing that as size increases, the
fraction of atoms on the nanoparticle surface
decreases. Adapted from ref °
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insufficient coordination requires surface ligands to passivate those dangling bonds. There exist a
plethora of potential surface ligands, but we can broadly define them as one of three main types, as
characterized by Owen and coworkers (Figure 1.2)""":

(i) L-type ligands, which are two-electron donors that form dative bonds with neutral metal surface
sites, such as amines, phosphines, and thiols;

(i) X-type ligands, which are anionic one-electron donors that form normal covalent or ionic
bonds with cationic surface sites, such as carboxylates, phosphonates, thiolates, and halides;

(iti) Z-type ligands, which are comprised of two-electron acceptors, which bind to neutral surface
sites, such as cadmium oleate and lead chloride.

Chemical functionalization of the QD surface is a powerful and versatile strategy to tune the
electronic structure (i.e., energies and spatial distributions of core and surface states) of colloidal QDs
because the surface ligands control (i) the degtree of surface enrichment of cations or anions,""""” (ii)

the degree of coordination of surface ions (how electron-rich or electron-poor they are),”?

(iii) in
some cases, the magnitude of the confinement energy of excitonic charge carriers,” and (iv) the
crystal structure and the size of QDs, when those ligands are present as surfactant in the reaction

mixture.”” Common protocols to prepare colloidal QDs' "%

produce QDs terminated with
aliphatic organic molecules (such as alkyl-carboxylates, -phosphonates, or -amines). Depending on the
particular application of the QDs, these ligands can be replaced post-synthetically with a large variety

10,18,46-48 :

of organic molecules, in order to tune the electronic structure of the nanoscale interface, and,

in some cases, the electronic structure of the QD’s core.
1.4 The Role of Molecules in the Electronic Structure of Colloidal QDs.
When QDs are coated with insulating “native” ligands (their ligands as-synthesized, typically

aliphatic carboxylates, phosphonates, or amines), the probability density for excitonic carriers (electron
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and hole) outside of the relatively high-dielectric semiconductor core is negligible.*> These native
ligands impose a high energetic barrier to charge transfer processes, which hinders the use of QDs in
applications where they are used to convert photons into other forms of energy, such as solar
electricity generation or photocatalysis. Exchange of these native ligands for less insulating ligands —
that is, organic ligands with orbitals that are of the correct energy and symmetry to mix with the
delocalized orbitals of the QD core — decreases the energetic barrier for tunneling of excitonic carriers
into the organic/inorganic interfacial region of the colloid. The basic characteristic of these “exciton
delocalizing” ligands are: (1) anchoring groups that bind strongly to the QD surface, and (ii) frontier
orbitals that align well energetically, and match symmetry-wise, with states at or near the VB- or CB-
edge of the bulk semiconductor equivalent of the QD (for the reasoning behind this requirement,

please see refs **>.

When these requirements are met, one or both excitonic charge carriers has a
pathway for delocalization into QD/ligand intetfacial states, formed upon ligand binding, and a
sometimes drastic decrease in the excitonic energy results.

The Weiss group has studied a class of molecules — phenyldithiocarbamate (hereafter referred
to as PTC) and its para-substituted derivatives — that decreases the confinement energy of the
exciton via what we propose to be delocalization of the excitonic hole into mixed QD/PTC states.
We have observed a decrease in, for instance, the optical band gap of small CdS QDs of up to 970
meV, and substantial bathochromic shifts in the absorption spectra CdSe and PbS QDs.”> The
interfacial states have contributions from the highest occupied molecular orbitals (HOMOs) of
PTC, the under-passivated Cd*" surface site to which the dithiocarbamate binds, and the valence
band states of the QD, which are composed predominantly of chalcogenide p-orbitals. It is the

mixing of the ligand states with the QD VB states that provides orbital density for hole

delocalization.
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There is evidence that the exciton delocalization effect is greater for more strongly confined
excitons (i.e., smaller particles).” Sardar and coworkers, for example, treated ultrasmall CdSe
nanocrystals (diameters ranging from 1.6 to 2.0 nm) with PTC, and observed a decrease in the optical
band gap of up to 610 meV zia what they propose is hole delocalization.”
We and others™”"* have also observed exciton delocalization in metal chalcogenide QDs upon
their treatment with thiol (or other chalcogenol) ligands, rather than dithiocarbamate ligands. Due in
part to a smaller density of energetically accessible sulfur states, thiolates do not shift the absorption

spectra of the QDs as much as do dithiocarbamates.

1.5 Characterization of QD Surface Chemistry by NMR.

The accurate characterization of QD surfaces presents an interesting analytical challenge. Firstly,
these measurements usually have to be in the ensemble. Single QD studies have been performed, but
these analyses do not characterize the surface chemistry, focusing instead on the QDs’ photophysical
properties. The rigorous investigation of QD surface chemistry demands the use of analytical
techniques capable of characterizing the QD surface in the solution phase. Nuclear magnetic
resonance (NMR) is an excellent choice because it is nondestructive, can differentiate between free
and bound ligands, can identify and quantify these ligands, and allows for the observation of ligand
exchange 7 situ.

The slow motion of nanoparticles (and molecules bound to them) in solution increases the
rotational correlation time of the bound molecules, which causes broadening of their resonances in
NMR.*7*"">7 Figure 1.3 shows the structure and assigned NMR spectra of free oleic acid (Figure
1.3A) and oleate-coated CdSe QDs (Figure 1.3B). Oleic acid, which is capable of self-exchange due
to the lability of the carboxylate-metal bond,” and which is also relatively long and flexible, has

broadened but still clearly observable NMR signals when bound to QDs. The full width at half-
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Figure 1.3. The structure and corresponding 1D "H NMR spectra of A) free oleic acid and B) oleate-
capped CdSe QDs. The NMR spectrum of free oleic acid has sharp, well-resolved proton signals.
These signals are broadened in the NMR spectrum of oleate-capped CdSe QDs due to the restriction
of motion for molecules bound to the surface of a (comparatively) large nanoparticle. This
broadening is analogous to the broadening that occurs in the NMR of solids. NMR spectra adapted
from ref. *

maximum (fwhm) of an NMR signal is inversely proportional to the spin-spin relaxation time, T> (eq

2.1).
fwhm = HLTZ @.1)

Some ligands, such as aromatic dithiocarbamates, bind very strongly to metal-enriched QD

surfaces,”! and possess a shortt, rigid structure, which causes their NMR signals to disappear entirely
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when these ligands are bound to QDs.”*>’® We discuss specific NMR strategies for quantitative
characterization of QD ligand shells in Chapters 2 and 3.

1.6  Dissertation Outline.

This dissertation aims to quantitatively describe the relationship between surface chemistry of
QDs and their photoluminescence and quantum confinement, and explores avenues to improve
conductivity of QD films and the yield and rate of hole transfer to a molecular acceptor using hole-
delocalizing ligands. Chapter 2 discusses the utilization of solution nuclear magnetic resonance (NMR)
spectroscopy for QD surface chemistry characterization, and the relationship between QD surface
chemistry and photoluminescence. Chapter 3 describes a quantitative NMR method to determine the
number of bound exciton-delocalizing ligands on the surface of CdS QDs, and its relationship to the
degree of confinement relaxation; it also describes the discovery of cooperative interligand effects on
exciton delocalization. Chapter 4 investigates the effect of exciton-delocalizing ligands on the
conductivity of lead sulfide QD films. Chapter 5 studies the improvement in hole transfer yield and
rate from a photoexcited CdS QD to a zinc phthalocyanine (ZnPc) using an exciton-delocalizing
molecular linker, N-4-pyridinylcarbamodithioate. This dissertation concludes with a summary of what

has been learned, as well as potential future research directions.
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2 USING NUCLEAR MAGNETIC
RESONANCE TO CORRELATE THE
SURFACE CHEMISTRY OF QUANTUM
DOTS WITH THEIR
PHOTOLUMINESCENCE

Adapted from:
1. Jin, S.; Harris, R.D., ¢ a/. Enhanced Rate of Radiative Decay in CdSe Quantum Dots upon

Adsorption of an Exciton-Delocalizing Ligand. Nano Lett., 2014, 14 (9), pp 5323-5328.
2. Nepomnyashchii, A.B.; Harris, R.D.; Weiss, E.A. The Composition and Permeability of Oleate
Adlayers of CdS Quantum Dots upon Dilution to Photoluminescence-Relevant Concentrations. .Anal.

Chem. 2016, 88 (6), pp 3310-3316.

2.1 Chapter Summary

This chapter describes the utilization of solution nuclear magnetic resonance (NMR) to
characterize the surface chemistry of colloidal nanocrystals (quantum dots, QDs), and the correlation
of QD surface chemistry with their photoluminescence. First, we describe the correlation of the
surface coverage of an exciton-delocalizing ligand, phenyldithiocarbamate, with the
photoluminescence of CdSe QDs. Next, we describe the relationship between surface coverage of
cadmium oleate and the photoluminescence of CdS QDs in progressively dilute concentrations.

Finally, we summarize the common methods used in the Weiss group to quantitatively describe the
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QD surface chemistry with NMR. Chapter 3 of this dissertation describes in detail one of these

methods and the consequences of ligand packing on the QD surface.

2.2 Correlation of the Surface Chemistry of QDs with Photoluminescence Enhancement.

2.2.1. Introduction. This section describes an enhancement of the photoluminescence quantum yield
(PL QY) of colloidal CdSe quantum dots (QDs) upon replacement of the native alkylphosphonate
ligands of the QDs with an exciton-delocalizing ligand, phenyldithiocarbamate (PTC), Scheme 2.1.
Our previous work showed that replacement of the insulating native ligands of metal-chalcogenide
QDs (including alkylphosphonates and oleate) with PTC ligands results in a dramatic decrease in
optical band gap of the QDs by, in the case of CdS QDs, up to 1 eV and in the case of CdSe QDs,
up to 220 meV, and a concomitant shift in the PL spectrum, without broadening of either

262259 \We have determined, through several mechanistic studies, that the decrease in bandgap

spectrum.
is primarily due to stabilization of the excitonic state by delocalization of the excitonic hole into newly
available interfacial states formed upon binding of PTC ligands to Cd*" or Pb*" on the QD
surface.*>”>> This hole delocalization is potentially advantageous for extraction of excitonic carriers

by molecular redox partners,””*

and increased mobility of charge carriers within solid-state arrays of
QDs,™® for photovoltaic, photocatalytic, and chemical and biological sensing applications. Here we
show that manipulation of the shapes of strongly confined excitonic wavefunctions within these
nanostructures impacts not only the energies, but also the oscillator strength of absorptive and
emissive transitions, and therefore the PL lifetimes and H
quantum yields. We identify, account for, and minimize the N \ﬁ'%

\
nonradiative pathways for exciton decay introduced by S
treatment of CdSe QDs with PTC, namely charge transfer to Scheme 2.1. The anionic ligand

phenyldithiocarbamate (PTC). It is
unbound PTC molecules. We show that delocalization of the added to dispersions of CdSe QDs as

an ammonium salt.
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wavefunction of the strongly confined exciton of these QDs by less than 10% increases the PL. QY
by more than a factor of two by increasing the integrated extinction of the first excitonic transition.
Adsorption of phenyldithiocarbamates therefore simultaneously provides greater electronic access to
the QD’s exciton (for the purpose of, for example, charge extraction) and enhances the strength of
absorptive and emissive transitions of the QD.

We study the relationship between exciton delocalization and PL. QY using ensembles of CdSe
QDs with a first excitonic absorption peak at 539 nm, which corresponds to a radius of the QD core
of 1.42 nm.* The excitonic hole in a CdSe QD of this size is strongly confined, so it is maximally
sensitive to the delocalizing effects of PTC.” We synthesize the ammonium salt of PTC (NH,*-PTC
), 2 white powder, from carbon disulfide and aniline using a previously published procedure.”® The
primary native ligands (ligands on as-synthesized QDs) are octylphosphonates (OPA).*** To replace
OPA with PTC, we add ~0.2 mg of NH,"-PTC powder to 2 mL of a 1 pM dispersion of QDs in
CH,CL. NH,"-PTC is only marginally soluble in CHCl,, so we accelerate the ligand exchange by
sonicating the mixture for different amounts of time ranging from 1 h to 12 h. Longer sonication
times result in more uptake of the NH,"-PTC powder into the dispersion and greater surface coverage
of PTC on the QD (all control experiments in this study involve the same degree of sonication of the
samples). Before acquiring optical spectra of the QDs, we pass the samples through a 0.45 um filter
to remove undissolved NH,"-PTC".

2.2.2. Results and Discussion. Figure 2.2 shows the absorption spectra, normalized to the height
of the first excitonic absorption peak, of CdSe QDs in CHCL, and the same QDs in CH,Cl, treated
with PTC for increasing amounts of time. The first excitonic peak shifts to lower energy as the ligand

exchange time increases, saturating by 12 hours of exchange. For each spectrum within the series



shown in Figure 2.2, we use a pre-constructed
calibration curve of the energy of the first
excitonic transition vs. the physical radius, R, of
the core of the CdSe QD* to calculate the
apparent increase in excitonic radius of the QDs
upon treatment with PTC (the physical size of the
QD core does not increase®™™). We denote this
apparent change in excitonic radius “AR”.**>>
The inset to Figure 2.2 is a plot of AR vs. ligand
exchange time.

Upon treatment with NH,"-PTC" for any of
the ligand exchange times shown in Figure 2.2,
the PL. of the QDs is quenched by more than

95%. The potential quenchers present in the
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Figure 2.1. Absorption spectra of CdSe QDs with
radius R=1.42 nm in CH,Cl,, and the same QDs
treated with PTC for increasing amounts of time,
which leads to increasing surface coverage of PTC
on the QD. Spectra are scaled such that they have
their first excitonic peaks have the same height.
Inset: A plot of the apparent increase in excitonic
radius, AR, for the QDs upon ligand exchange of
native phosphonates for PTC, as a function of the
ligand exchange time. The text describes the
ligand exchange procedure and the calculation of
AR from the absorption spectra in this figure.

system are: (i) PTC adsorbed to QD by chelating or bridging Cd**, the two most stable binding

motifs®, (i) PTC freely diffusing or weakly adsorbed to the QD in monodentate geometry (such PTC

is probably in rapid exchange on and off the surface), and (iii) the degradation products of PTC:

aniline, phenylisothiocyanate, and diphenylthiourea, which is the condensation product of aniline and

phenylisothiocyanate. The value of AR for QDs treated with PTC for a given length of time is

indefinitely stable; we therefore know that none of these degradation products is capable of displacing

PTC from the QD surface and that, once adsorbed to the QD, PTC itself does not degrade.

Furthermore, none of the degradation products, when added intentionally to dispersions of CdSe

QDs, causes a bathochromic shift of the absorption spectrum.
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This degree of PL. quenching of the QDs due to, presumably, charge transfer to one or more of

. 0_9
these species®

obscures the relationship that we are aiming to determine — that between the PL and
the degree of exciton delocalization — so eliminating or mitigating the efficacy of these nonradiative
pathways is important for this study. We noticed that, although the PL of QDs was quenched
immediately after exposure to NH,"-PTC, the PL of all samples recovers (to various degtees,
depending on how much PTC was added) over longer timescales of 24-48 hours. According to 'H

NMR and ground state absorption spectra of the samples, this recovery is correlated with the
degradation of unbound PTC and formation of the degradation products (see Figure 2.3). As we
noted previously, AR is constant throughout this degradation and PL recovery process, so it is
unbound PTC, and not PTC contributing to exciton delocalization, that acts as the PL quencher.
Based on the frontier orbital energies of the QD and PTC, the probable mechanism of quenching is
hole transfer to PTC.” This non-adiabatic quenching process is distinct from the adiabatic
delocalization of the excitonic hole into interfacial states formed by bound PTC.

In order to confirm our suspicion that free or weakly associated PT'C molecules are primarily
responsible for PL. quenching of PTC-treated QDs, and to remove this quenching pathway, we added
cadmium acetate (in a MeOH co-solvent) to the samples of QDs; MeOH is necessary to promote
adequate dispersion of cadmium acetate in CH2Cl,, and all control experiments include addition of
the same amount of MeOH as the experiments with added cadmium acetate. The purpose of adding
excess cadmium ions is to precipitate the PL-quenching free PTC molecules from solution,” and
thereby remove them faster and more completely than if they were to naturally chemically degrade
over tens of hours. Figure 2.4 shows the white precipitate that forms within seconds of mixing NH,"-
PTC with cadmium acetate (in the absence of QDs), in CH>Cl, with a MeOH co-solvent. NMR

spectroscopy confirms that NH,*-PTC is removed from solution upon precipitation, and that the
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precipitate is a molecule that is structurally very similar to cadmium &is-(phenyldithiocarbamate),

probably the commonly formed Cd-dithiocarbamate clusters (Figure 2.4).%
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Figure 2.2. A) '"H NMR spectra of PTC in CD,Cl at 0, 5, 16, 29, and 45 h. The PTC peaks decrease
noticeably until they are undetectable after 16 h. The peaks attributable to aniline, a degradation
product of PTC, increase continuously over the measured time period. Only one set of PTC peaks
is shown for clarity; we believe that these peaks shift as PTC degrades because degradation proceeds,
at least in part, through protonation of PTC by ammonium. Release of ammonia changes the pH of
the solution. B) Relative normalized integrations of 2H peaks for aniline (red circles) and PTC
(blank squares) showing the increase of aniline and decrease of PTC in solution over time relative to
the residual solvent peak. C) Emission spectra of CdSe QDs (R = 1.31 nm) before and after treated
with PTC to achieve a AR = 0.1 nm at 0, 24 and 48 h. Recovery and eventual enhancement of the
CdSe QD PL over time cotresponds to the degradation of excess PTC. D) 'H NMR spectra of a
solution of NH4-PTC in d4-methanol added to either 0.8 mI. CD>Cl; or 0.8 mlL. (black) or to 0.8 mL
of CdSe QDs in CD,Cly, after stirring for 10 min., to show the disappearance of NMR signals from
PTC protons upon adsorption to the surfaces of QDs.



36

PTC
~ PTC + Cd(ac),
MMMMM i filt. X jia
M)\AW o M
L, filt2x
J\M Aniline M
M Phenylisothiocyanate
” HI i N,N’-diphenylthiourea

7.8 7.6 7.4 7.2 7.0 6.8 6.6
Chemical Shift (ppm)

Figure 2.3. (Top) Photograph showing the formation of a white precipitate (cadmium
bis(phenyldithiocabamate) Cd(PTC),) upon addition of cadmium acetate (Cd(ac),) to a solution of
PTC in methanol and CH:Cl; co-solvent. (Bottom) 'H NMR spectra (in CD;OD) of PTC and PTC
+ Cd(ac) after one and two filtrations. Upon addition of Cd(ac),, the NMR signals due to free PTC
disappear entirely. This is demonstrated by the disappearance of the doublet at 7.65 ppm, the overlaid
triplets at 7.12 ppm resolving to a single triplet attributed to aniline, and the disappearance of the
triplet at 7.28 reappearing as a doublet attributable to either phenylisothiocyanate or the Cd(PTC),
complex. We also include spectra of (Cd(PTC)y), as well as aniline, phenylisothiocyanate, and N,N’-
diphenylthioutea, the degradation products of PTC.
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Based on the effective precipitation of free PTC by Cd*, we added (i) 50 ul methanol, and (ii) 1.5
mg of cadmium acetate solid (in that order) to 2-mL samples of QDs (in CH>Cl,) that had been pre-
treated with PTC for various lengths of time and therefore exhibit a range of AR values. We then
sonicated the mixtures for 2 h, and monitored the change in the PL spectra of the QDs. During the
sonication process, cadmium bis-(phenyldithiocarbamate) precipitated, and the absorbance of the
sample at wavelengths shorter than 400 nm — the region where PTC absorbs — significantly decreased
(see Figure 2.8 in the Supporting Information). We passed the mixtures through a 0.45-um filter to
remove the precipitates before characterizing the samples.

Figure 2.5A shows the emission spectra of (1) a QD sample treated only with MeOH (QY = 2%
vs. Rhodamine B), (ii) an identical QD sample treated with only MeOH and cadmium acetate (no
PTC), (iti) an identical QD sample treated with only PT'C (no cadmium acetate or MeOH) for enough
time to induce a AR of 0.05 nm, and (iv) a set of QD samples treated first with PTC to achieve a series
of AR values, and then with MeOH and cadmium acetate. The same amount of MeOH and cadmium
acetate was added to all PTC-treated QD samples, and all samples underwent the same sonication and
filtering treatment no matter what was added to the QDs. All of these spectra are acquired with an
excitation wavelength 460 nm, and, importantly, all spectra are scaled to account for the samples’
respective optical densities at 460 nm (shown in Figure 2.7 of the Supporting Information). We
therefore know that any change in PL intensity shown in these spectra is due to a difference in the

number of emitted photons per absorbed photon, not the number of absorbed photons. Analysis of
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the spectra in Figure 2.5A, along with the absorption spectra of the samples, yields the following

conclusions:

A D+Cd?* -~ QD+PTC+Cd*
. rr/‘_‘t« QD+PTC —0.05
¢ ’

> AR=0.05)
, - = QDs only
8x10’ - " = QDs + PTC with AR =.05 nm
710" ——QDs + Cd™
QDs + PTC + Cd” with AR =

6x10’ - =« .04 nm
m 4 w05 NM
£ 5x10°7 -« .08 nm
3 4x10'- ===:10"nm
0 == .12nm
=1 3x10
o

520 540 560 580 600 620 640
Wavelength (nm)

2.4- ®
B °
2.2
o 2.0 °
-
o 1.8- L J
: 2+
o 161 " QDs + PTC + Cd
1.4
1.2 "
» ~ A0,
il QDs + Cd* (QY ~ 4%)
0.00 002 0.04 006 0.08 010 0.2 0.14
AR (nm)

Figure 2.4. A) Emission spectra of a sample of CdSe QDs with no further treatment (“QDs only”),
a sample of CdSe QDs treated with cadmium acetate (“QDs + Cd**), a sample of CdSe QDs treated
with PTC to achieve AR = 0.05 nm (“QDs + PTC with AR = .05 nm”), and a set of samples of
CdSe QDs treated first with PTC to achieve a series of AR values, and then with the same amount
of cadmium acetate (“QDs + PTC + Cd*™). All samples are in CH2Cl; and are excited at 460 nm,
and their photoluminescence intensities (PL) are scaled by their absorbances at 460 nm. Also shown
on top of the spectra are photographs of three of the samples (as labeled) showing the quenching of
PL by PTC, and the recovery of the PL of PTC-treated QDs by addition of cadmium acetate.
Addition of cadmium acetate to the PTC-treated sample with AR = 0.05 increases the PL intensity
of the sample by a factor of 1.9, after accounting for the increase in absorption intensity. B) A plot
of PL/PL, — the PL intensity of the sample of QDs treated with PTC and cadmium acetate divided
by the PL intensity of the sample of QDs treated with cadmium acetate but with no added PTC —
as a function of AR.



39

(i) Treatment of QDs with PT'C-only completely quenches the PL of the sample, and treatment
of the QDs with cadmium acetate-only increases the integrated PL intensity of the sample by a factor
of two, presumably by passivating any under-coordinated selenium ions on the QD surface and
thereby decreasing the number of sites for non-radiative trapping of the hole.” The addition of
cadmium acetate to PTC-treated samples allows the PL of the QDs to recover to an integrated
intensity that is Aigher — a factor of 1.9 higher in the case of PTC-treated QDs with AR = 0.05, for
example — than that of the sample of QDs treated only with cadmium acetate and no PTC (see also
the photograph of these samples in Figure 2.5A). This result indicates that, once the number of non-
radiative pathways is reduced by passivation and precipitation of free PTC, adsorption of PTC itself
additionally increases the PL of the QDs. Figure 2.9 in the Supporting Information shows that, upon
adding cadmium acetate to PTC-treated QDs with AR = 0.05 nm, the PL of QDs recovers to its
saturated value within 2 h.

(if) The enhancement of the PL intensity due to PTC is clearly correlated with the value of AR for
each sample. Figure 2.5B shows a plot of PL/PL; vs. AR, where “PL” is the integrated PL intensity
of the sample of PTC-treated QDs with added cadmium acetate, and “PLy” is the integrated PL
intensity of the sample of QDs treated only with cadmium acetate but with no added PTC. This plot
indicates that the presence of adsorbed PTC — and not freely diffusing PTC, its degradation products,
or cadmium acetate — is associated with the enhancement of PL of the sample.

(i) For PTC-treated QDs with all values of AR, the treatment with cadmium acetate results in a
2-to-4 nm bathochromic shift of the PL peak (and the absorption peak) in addition to that caused by
adsorption of PTC alone. We observe a similar magnitude of bathochromic shift upon treatment with
cadmium acetate for QDs without PTC ligands (see Figure 2.10 in the Supporting Information), and

this shift is probably due to formation of patches of a CdSe shell at sites where Cd** passivates
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undercoordinated Se on the surface of the QD.” We see no evidence — in the form of a shift of the
QD absorption to higher energy — of displacement of adsorbed PTC ligands by Cd*".

2.2.3. Conclusions. In summary, we have demonstrated that displacement of insulating native ligands
on the surfaces of CdSe QDs by exciton-delocalizing phenyldithiocarbamate ligands enhances the
photoluminescence quantum yield of the QDs. This effect could only be identified once the non-
radiative exciton decay pathways introduced by treatment of the QDs with PTC were eliminated by
addition of cadmium salt, which precipitates PL-quenching free (or weakly adsorbed) PTC molecules
and passivates the surfaces of the QDs. More theoretical work, and possibly experiments that
determine the dependence of the PL. enhancement on magnetic field or temperature, are needed to
determine the role of transitions from states within the exciton fine structure in the observed transition
intensity, and whether an increase in the number of oscillators participating in the transition or an
increase in the magnitude of the matrix elements for formerly disallowed transitions (or both) is
responsible for the increase in the magnitude of this matrix element upon adsorption of PTC.

2.2.4. Supporting Information.

EXPERIMENTAL METHODS:

Synthesis and Purification of CdSe QDs. We combined 90% technical grade trioctylphosphine oxide
(TOPO, 7.76 g, 20.08 mmol), hexadecylamine (HDA, 7.76 g, 24.12 mmol), and cadmium stearate
(CdSt, 0.448 g, 0.660 mmol) in a dry 100-mL three-neck round bottom flask and heated the mixture,
with stirring, to 150 °C for 1 hout. Nitrogen flowed through one arm of the flask over the solution.
This step serves to remove any water in the reaction mixture. The flask was sealed and heated to 330
°C under positive nitrogen flow. After the CdSt. completely dissolved, we rapidly injected
trioctylphosphine selenide (TOPSe, 4 mL of 1 M solution in TOP, prepared and stored in a glovebox),

and then cooled to room temperature under ambient conditions. The QDs were precipitated in
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methanol and centrifuged at 3500 RPM for five minutes. We dispersed the resultant QD pellet in a
minimal amount of hexanes (~10 mL), centrifuged for five minutes, and extracted the colored
supernatant, which sat in the dark overnight while excess ligands precipitated. We again centrifuged
the QD dispersion, separated the hexanes portion from the solid white pellet, and precipitated the
QDs again by addition of acetone. We discarded the supernatant, dispersed the resulting pellet in a
minimal amount of hexanes (~10 mL), and precipitated the QDs by addition of acetone a final time.
The colored pellet was dispersed in ~20 mL of dichloromethane. The native ligand on the final QD
product is octylphosphonate (OPA).

Synthesis — of  Ammoninm  Phenyldithiocarbamate  (PTC).  We  synthesized ammonium
phenyldithiocarbamate (NH,-PTC") by adding two equivalents of carbon-disulfide (1.9 mI, 32 mmol)
drop-wise to one equivalent of aniline (1.5 mL, 16 mmol) in a rapidly stirring suspension of 10-mL of
28-30% ammonium hydroxide at 0 °C, and stirred overnight. We washed the resulting white powder

with hexanes and chloroform and dried under N, for 1 h.
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Figure 2.5. Emission spectra of Rhodamine B in CH,>Cl, and CdSe QDs in CH,Cl, with 50 ul MeOH.
All samples are excited at 460 nm, and their photoluminescence intensities (PL) are scaled by their
absorbance at 460 nm. The quantum yield (QY) of the QDs is calculated to be ~2% relative to
Rhodamine B.
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Figure 2.6. Ground state absorption spectra of CdSe QDs (R=1.42 nm) (no PTC) and QDs at 24 h,
30 h and 48 h after treated with PTC to achieve a AR = 0.07 nm. The first excitonic absorption peak
of the QDs treated with PTC is almost unchanged, which indicates a stable AR over at least 48 h.
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Figure 2.7. Ground state absorption spectra of PTC-treated QDs with a series of AR values before
(“QD+PTC”) and after (“QD+PTC+Cd*"”) the treatment with cadmium acetate. The absorbance of
the sample at wavelengths shorter than 400 nm — the region where PTC absorbs — significantly
decreases due to the formation of cadmium /is-(phenyldithiocarbamate) precipitates. The addition of
cadmium acetate also results in a 2-to-4 nm bathochromic shift.
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Figure 2.8. A) Absorption spectra of CdSe QDs with a radius R=2.5 nm in CH2Cl,, and the same
QDs treated with PTC for increasing amounts of time. B) Emission spectra of a sample of CdSe QDs
(R=2.5 nm) treated with cadmium acetate (“QDs + Cd**”) and a set of samples of CdSe QDs treated
first with PT'C with increasing amount of time, and then with the same amount of cadmium acetate
(“QDs + PTC (1~12 h) + Cd*”). All samples are in CH-Cl, and are excited at 460 nm, and their
photoluminescence intensities (PL) are scaled by their absorbances at 460 nm. We observe a small
(~3-4 nm) blue-shift of the absorbance and PL spectra of these samples due to etching of their
surfaces by PTC. This blue-shift is apparent for these samples, and not for the samples of smaller
QDs, since AR = 0, but the etching may also occur in the samples of smaller QDs and lead to a
systematic underestimating of AR. C) PL decay curves of the same set of samples shown in B). Black
solid lines are the best fits of the decay curves to a multi-exponential function with the fitting
parameters listed in Table 2.1.
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Table 2.1. Time Constants for Decay of the PL, PL./PL, and k./k:« of CdSe QDs (R = 2.5 nm) upon
Treatment with NH,"PTC and cadmium acetate.

Sample T1 / ns (A1) T2 / ns (Az) T3 / ns (Ag) Ts / ns PL/ PLO kr/ krO
QDs+Cd?** (no PTC) 27.1(15) [ 7.1(32) 1.3 (.53) 180 |1 n/a
QD+PTC (1h) +Cd* 26.6 (26) | 6.9 (.36) 13(38) 204 [123 1.09
QD+PTC (2h) +Cd* 26.4 (25) |6.5(.35) 1.1(40) [204 [1.08 0.95
QD+PTC (3h) +Cd** 1.6 (46) | 9.3 (.36) 293 (18) [205 |1.18 1.04
QD+PTC (5h) +Cd** 12(43) |61 (34) 26.5(23) 201 |1.09 0.97
QD+PTC (12h) +Cd* 1.3 (.51) 7.1 (.31) 26.7 (\17) 18.7 0.92 0.88
A Surf. coverage: 0% Surf. coverage: 25% |'I' [2 -
h'x10
3
12.5
-2 0 2 -2 0 2
12
Surf. coverage: 50% Surf. coverage: 75%
11.5
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Figure 2.9. A) A two-dimensional slice of the three-dimensional hole wavefunction, taken through
the center of the nanoparticle. The probability density is plotted against the x and y coordinate for
four different ligand surface coverages. The electron wavefunction has spherical symmetry and
is sketched as a radial slice (black curve). B) The square of the overlap integral between the hole and
electron wavefunctions versus the fractional ligand surface coverage. The overlap increases to a
maximum at 50% surface coverage, then decreases.
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2.3 The Composition and Permeability of
Oleate Adlayers of CdS QDs upon
Dilution to Photoluminescence-
Relevant Concentrations.

2.3.1. Introduction. This section describes the

investigation of the effects of dilution, from

concentrations typically used for proton nuclear

12,9495

magnetic resonance ('H NMR) analysis to

Scheme 2.2. Schematic representation of a cross-

concentrations typically used for section of a CdS QD capped with oleate ligands in
both bridging (gray) and chelating (blue) binding

on the modes. Red circles represent cadmium ions and
yellow circles represent sulfur ions. Although this

surface structure and photophysical properties of 2D slice of the QD is not charge balanced, in 3D,
the oleate ligands (with a 1- charge) balance the

oleate-capped cadmium sulfide quantum dots excess Cd** ions over the entire surface of the

QD.

photoluminescence (PL) expetiments,””’

(CdS QDs) (Scheme 2.2). CdS QDs are easily
synthesized with a variety of surface chemistries, have high reduction and oxidation potentials, and

85,98

are useful for both fundamental photophysical studies and for applications such as redox

photocatalysis.” """

The most common method for preparing dispersions of high-quality CdS QDs is “hot-injection
synthesis” (addition of elemental sulfur to CdO at temperatures > 250 °C) with oleic acid as the
primary surfactant and the final, post-purification ligand coating.'""* The long hydrocarbon chain
provides a large steric barrier to particle aggregation, and the carboxylic acid head group binds to

cadmium ions on the QD surface.>* 7% The size, shape, and degtee of cation enrichment of

metal sulfide QDs are influenced by the injection temperature, the amount of oleic acid added, and
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the preparation conditions for the sulfur precursor.'” The PL spectra of well-passivated cation-

enriched QDs are dominated by “band-edge emission”, radiative recombination of the excitonic

>
electron with the excitonic hole, whereas the PL spectra of sulfur-enriched QDs show a greater
contribution from lower-energy “trap emission”, recombination of the excitonic electron with a
surface- or lattice-trapped hole." "'

Key factors in determining the PL. quantum yield and the ratio of band-edge to trap emission is
the degree of electronic passivation of lattice-terminating ions, since these ions, if left under-
coordinated, are thermodynamic traps for excitonic charge carriers.” """ It is therefore crucial, in
analyzing the photophysical properties of a QD, to quantitatively characterize its surface chemistry, in
order to estimate the density of potential electronic defects. NMR is a very useful tool for this purpose.
Correlation of the composition of the ligand shell by NMR with PL energies, intensities, or lifetimes
is often, however, problematic because in order to avoid reabsorption and other non-linear behaviors,
PL spectra should be acquired on samples of cadmium chalcogenide QDs that are in a concentration

range from nanomolar to single micromolar,'"'"!

whereas NMR investigations of the same systems are
usually performed at concentrations from tens to hundreds of micromolar (in QDs) to achieve a usable
level of signal to noise with a minimal number of scans.>'*'***!"*!!% Given that the composition and
density of the ligand shell of a solution-phase QD depends on the absolute concentration of the QDs,
due to the dynamic equilibrium of most surface-adsorbed molecules,” the datasets acquired from
these two types of experiments on the same sample (at different concentrations) may or may not be
comparable.

Here, we acquire NMR and PL data on the same samples, and same concentrations, of oleate-

coated CdS QDs, which are prepared at concentrations ranging from NMR-relevant to PL-relevant,

in three different solvents. We use these data to probe the relationship between surface chemistry and
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emissive properties of the QDs, and conclude that dilution induces desorption of “z-type” cadmium

GBI (a5 opposed to breaking the cadmium-oleate bond). We find

oleate molecules and clusters
that the surface coverage of these cadmium oleate ligands does not affect the pathways for excitonic
decay in the QD, and therefore does not affect the PL spectrum or yield, but does influence the redox
activity of the QDs with respect to a small-molecule charge transfer partner.'”" These results indicate
that, for oleate-coated CdS QDs, we can correlate PL data acquired at low sample concentrations with
NMR data acquired at high concentrations to aid in the interpretation of both datasets, but that the
absolute concentration of the QDs must be taken into account when reporting the yield of charge
transfer with a molecular adsorbate.

2.3.2. The Effect of Dilution on the Surface Chemistry of Oleate-Capped CdS QDs. Figure
2.10 shows the vinyl proton regions of the 'H NMR spectra of (i) free oleic acid (“free OAC”), (ii) a
synthesized sample of cadmium oleate, which is actually a combination of Cd(oleate), and oleic acid
and which we denote “Cd-OA”, and (iii) oleate-capped CdS QDs (“CdS-OA QDs”) in three solvents,

CsDs, CsDizand CDCls. Oleate has a spectrally isolated "H NMR signal from its two vinyl protons,
which makes oleate-capped CdS QDs an ideal system for NMR studies.'®*">"™ The QD samples are
10 pM, 1 pM, and 0.1 uM in each solvent. Given the high sensitivity of the instrument used, the purity
of the solvent was the major limiting factor in obtaining reliable measurements at lower
concentrations, and spectra of 10 nM samples were mostly indistinguishable from the baseline (Figure
2.11). We know from previous work'>"'® that there are several hundred total oleate molecules per QD
within samples prepared with our procedure, so in order to cover the range of possible concentrations

of ligand in the QD samples, we show spectra of 200 pM and 2 mM free OAc and Cd-OA.
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Figure 2.10. The vinyl proton region of the NMR spectra of oleate-capped QDs (“CdS-OA
QDs”); a mixture of Cd(oleate)s, oleic acid, and CdO (“Cd-OA”); and free oleic acid (“Free OAC”)
in (A) CsDe, (B) CsD12, (C) CDCls. The legends indicate the sample concentrations. The vertical
lines are guides to the eye. The y-axes are intensity in arbitrary units. Note that the x-axes are not
the same for each figure panel.
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In C4Ds (Figure 2.11A), the spectrum of Cd-OA has overlapping features of oleic acid (the upfield

multiplet that overlaps with the free OAc spectrum) and cadmium oleate. The spectrum of the QD
sample evolves upon dilution from a single, asymmetric broad peak at 10 uM to a broad peak and a
sharper, upfield multiplet that roughly aligns with the cadmium oleate feature at 1 uM, to a broad peak

plus a set of multiplets, one of which aligns with the cadmium oleate feature and one of which is

A c B
— background 6D6 —— background
— 0.1 uM — 0.1 uM

CeD12

5.6 5.4 5.4 5.3

5.8
Chemical Shift (ppm) Chemical Shift (ppm)
C D
—background CDCI3 — background CeDe
— 0.1 uM — 10 nM

e b

540 535 530 58 5.6 5.4
Chemical Shift (ppm) Chemical Shift (ppm)
Figure 2.11. A), B), C) Comparison between '"H NMR signal from oleate-capped CdS QDs (0.1

uM) and the background in C¢Ds, CsD12 and CDCls. D) Comparison between "H NMR signal
from oleate-capped CdS QDs (10 nM) and the background in C¢Ds.
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2 mMCd-OA
1 uM CdS-OA

QDs

e~

1800 1750 1700 1650 1600 1550 1500
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Figure 2.12. FTIR spectra for 1 pM oleate-capped
QDs (“CdS-OA QDs”, blue), 2 mM cadmium
oleate with oleic acid impurity (“Cd-OA”, red),
and 2 mM oleic acid (“Free OAc”, black), in C¢Ds.
The y-axis is intensity in arbitrary units. The peak
at 1709 cm™' corresponds to the C=O stretching
mode of the carbonyl group in oleic acid. The
peak at 1750 cm™ is its side-band. The peak at
~1530 cm™' corresponds to the O-C-O stretching
modes of bridging and chelating carboxylates
within cadmium-bound oleate. Resolution of the
measurement is 2 cm™ for Cd-OA and oleic acid
and 8 cm™ for CdS-OA QDs.
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further downfield, at 0.1 uM. We acquired an
FTIR spectrum of the 1 uM QD sample in C¢Ds
(see Figure 2.12). There is no detectable oleic
acid (only deprotonated oleate) in this FTIR
spectrum; we can therefore assign the broad peak
at ~5.72 PPM in the NMR spectra in Figure
2.10A to oleate bound to the surface of the QD,

and the sharp multiplet at ~5.53 PPM in the
spectra of the 1 pM and 0.1 pM samples to

desorbed cadmium oleate complexes (so-called

50 -
OIS The sharp feature at

“z-type ligands”).
5.55 ppm probably corresponds to desorbed
CdOA, clusters; we have detected analogous
120

clusters in samples of oleate-coated PbS QDs.

The broadening of the vinyl resonance for bound

oleate is caused by the restricted rotation of the ligand and chemical heterogeneity of the QD

surface.>”*1%

In C¢D12 (Figure 2.10B), dilution of the QD sample produces a desorbed species with a spectrum

that matches that of either cadmium oleate or free oleic acid, which are not readily distinguishable. In

CDCI; (Figure 2.10C), the spectrum of the QDs includes broad signals from desorbed ligands,

probably due to fast exchange of oleate between free and bound states in this solvent. There is also
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the possibility of exchange between the vinyl protons of oleate and the chloroform proton.” The FTIR
spectra of the QDs in C¢D12 and CDCl; do not allow us to conclusively assign the desorbed species
to cadmium oleate or oleic acid, due to the overlap between signals of the solvent and sample;
however, based on the fact that cadmium oleate is the desorbing species in CsDs, and that desorption
of oleate as oleic acid has been shown to require excess oleic acid (or some other protonating species)
in organic solution,” we conclude that dilution of the QDs results in desotption of cadmium oleate
(and Cd\OA, complexes) in all solvents.

Desorption of cadmium oleate from the surfaces of the QDs is reversible; upon re-concentrating
QD samples from 1 uM to 10 uM, we observe that the vinyl signal broadens and shifts to its “bound”
position and linewidth (see Figure 2.13).

We determine the ratio of free to bound oleate molecules for each sample in CsDs and C¢Di2 by
integrating the vinyl signals in their respective NMR spectra and comparing these integrations to

ferrocene, an internal standard, Table 2.2. We do not attempt this quantitative analysis for the samples

in CDCls, where the integration is complicated by —— before 10 uM CeDg
—— dilution 1puM

the overlapping signals from free and bound

states in fast exchange.” Table 2.2 shows that, in

CsDs and C¢Dyy, diluting the 10 pM sample to 1

puM induces only minor changes the composition

of the QD’s ligand shell, but further dilution to

62 6.0 58 56 5.4
Chemical Shift (ppm)

0.1 pM induces desorption of ~25% of the oleate

. . o .
ligands in Ce¢Ds, and ~40% of the oleate ligands Figure 2.13. 'H NMR spectra of oleate-capped

CdS QDs at 10 uM (black line), after dilution to
1 uM (red line) and after re-concentrating to 10
uM (green line).

in C¢Dia. There is no detectable precipitation or

agglomeration of the QDs upon dilution.
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Table 2.2. Number of Free and Bound Oleates within Samples of Oleate-Coated CdS QDs.

Concentration of Solvent Bound oleate * Free oleate **
CdS-OA QD Sample

10 pM CsDs 210 £ 30 0

1 UM CeDys 201 30 12£8

0.1 uyM CeDg 150 £30 64+ 10

10 pM CeDi2 210 £20 0

1 uM CeD12 204 +40 64

0.1 uyM CoD12 125 £30 94 + 20

“'The error bars are derived from five measurements on separately prepared samples from the same
batch of QDs ;’ “Free” oleate is in the form of freely diffusing cadmium oleate (Cd(oleate),) molecules

and CdiOA, complexes.

2.3.3. The Photophysical Effects of Dilution. The ground state absorption spectra of 0.1 - 1 pM

CdS QDs (the concentration range usable for PL. measurements) in C¢Ds, CsD12 and CDCI; include a

first excitonic peak at 420 nm (Figure 2.14), which corresponds to a radius of 2.0 nm. We also observe

two distinct higher-energy excitonic peaks. We do not observe any hypsochromic shift due, for

example, to surface etching of the QDs upon dilution in any of the solvents we studied. Dilution does

not affect the solubility of the QDs, so the intensity of the absorption peak scales linearly with

concentration of the sample.
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Figure 2.14. Ground state absorption (solid, left axis) and emission (dashed,
right axis) spectra for oleate-capped CdS QDs in (A) CsDs, (B) CcD12 and (C)
CDClL. The sample concentrations are 1 pM (black), 0.5 uM (red), 0.25 uM
(green), 0.125 pM (blue), and 0.1 pM (cyan). Insets: plots of the difference
between the integrated band-edge PL (centered at 490 nm) and the integrated
“trap emission”, centered at 605 nm (scaled by the total PL intensity), vs. the
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The PL spectrum of the QDs peaks at 435 nm due to emission from the band-edge exciton, and
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also contains a second, broader peak at 605 nm due to emission from recombination of an excitonic
electron with a trapped hole (we refer to this PL as “trap emission”)."* The energies of these emission
features are constant with solvent and concentration (Figure 2.14). The relative PL. quantum yield
(defined as the integrated intensity of the total PL spectrum of the sample scaled by the absorbance
at the excitation wavelength, 390 nm) does not change with dilution of the samples from 1 uM to 0.1
uM. Furthermore, there is only a very minor (apparently random) dependence of the ratio of the
intensities of band-edge emission (PLg) to trap emission (PLr) upon dilution for any of the three
solvents. In the insets to Figure 2.14, we plot the difference between PLg and PLr, scaled by the total
emission intensity, for each solvent; this quantity displays no trend with increasing concentration of
the sample. We therefore conclude that desorption of 25% — 40% of the oleate ligands, which is what
occurs upon dilution of the QDs from 1 uM to 0.1 uM (according to Table 2.2), neither increases
nor decreases the yield of trapping of excitonic electrons or holes, relative to the yield of radiative
recombination. This result implies that the cadmium oleate molecules and complexes that desorb are
not involved in electronic passivation of either cadmium or sulfur on the QD surface.

Importantly, since (i) the composition of the ligand shell of the QDs is very similar at 10 uM and
1 uM (Table 2.2), and (ii) ligand desorption upon dilution from 1 pM to 0.1 uM does not affect the
photophysical properties of the QDs (at least those related to the PL, Figure 2.14), we conclude that,
at least for oleate-capped CdS QDs, the set of radiative and non-radiative exciton decay pathways
reflected in the PL spectra acquired on low-concentration samples will be the same set of pathways

utilized (with the same probabilities) by the exciton within QD samples at higher concentrations (10

UM QDs or 1 - 10 mM ligands), where NMR is more practical.'>">"!*!



We note that the ratio of band edge
emission to trap emission is larger for QDs in
CDCI; than for QDs in CsDg or C¢Diz; given
that the surface coverage of cadmium oleate
does not appear to affect this ratio, this trend
is probably due to passivation of the surface
by CDCls.'*

2.3.4. The Eftects of Dilution on the
Permeability of the Ligand Shell to a
Small Molecule. Finally, we monitored the
PL spectra of the QDs in the concentration
range of 0.1-1 pM with and without the
addition of p-benzoquinone (BQ), a known
photo-oxidant of cadmium chalcogenide
QDs, in CDCI; (Figure 2.15A). We know,
from extensive previous work on QD-BQ,

QD-viologen, and QD-aminoferrocene

systems,%’lm’m

that the yield of photoinduced
electron transfer from the QD to a small
molecule — whether adsorbed statically or
transiently on the QD surface — is directly

related to the density and permeability of the

ligand shell of the QD to the molecule.
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Figure 2.15. A) Photoluminescence (PL) spectra
of oleate-capped CdS QDs in CDCl; with and
without 1000 equivalents of p-benzoquinone (BQ)
added. The PL spectra are scaled in intensity by
their absorbance at the excitation wavelength, 390
nm, and plotted relative to the intensity of the
band-edge emission peak of the 1 uM CdS QD
sample with no added BQ (black curve). Inser: A
magnified version of the band-edge PL peak of A,
which shifts to higher energy upon addition of BQ
due to mild etching of the QD surface. B) Plot of
PL/PLy, the fraction of QDs that are still emissive
after addition of 1000 equivalents of BQ, vs. the
absolute concentration of QDs.
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Figure 2.15B shows explicitly that, for a given molar ratio of QDs to BQ (here, 1:1000), there is more
pronounced quenching of the QDs’ PL as the absolute concentration of the QDs decreases (Figure
2.15B). There exists, therefore, a direct correlation between quenching efficiency of a small-molecule
redox partner and the absolute concentration of the QDs zia the permeability of their protective ligand
layers. We have also observed this cotrelation in the case of CdS QD-viologen complexes,” but did
not directly measure ligand coverage as a function of concentration in that study.
2.3.5. Conclusions. Upon dilution of oleate-capped CdS QDs from NMR-relevant concentrations
(10 pM) to photoluminescence-relevant concentrations (0.1 pM), oleate ligands, in the form of
cadmium oleate and CdOA, clusters, desorb. Changes in the ligand coverage by 30% - 40% do not
impact the solubility, extinction coefficient, absorption or PL linewidths, relative partitioning between
band-edge and “trapped” exciton emission, or total PL. quantum yield. Desorption of surface ligands
as a result of dilution of the QDs does, however, make the QDs more redox-active with respect to
small molecule charge-transfer partners, because less dense organic adlayers allow a greater number
of molecular quenchers to permeate the ligand shell and achieve charge transfer-active adsorption
geometries on the QD surface.

This study shows that, for systems like oleate-capped CdS QDs, which have weakly-bound “z-
type” neutral ligands, one can dilute samples without changing the pathways available for excitonic
decay, and therefore can correlate PL data acquired at low sample concentrations with NMR data
acquired at high concentrations. When a molecular quencher is present, however, the absolute
concentration of the sample determines the vulnerability of the QDs to adsorption of the quencher
and subsequent photo-oxidation or —reduction. We suspect that the weakly bound cadmium oleate
molecules and clusters that survive the purification process, but desorb upon dilution, are part of a

disordered, polymeric network of excess cadmium ions and charge-balancing oleate ligands that bridge
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them on the surface of the QD, similar to the cadmium phosphonate network that results in high
degrees of cadmium enrichment for CdSe QDs synthesized with reagent-grade trioctylphosphine
oxide as the coordinating solvent."”'* Examples of systems where photophysical properties will
probably be more sensitive to the absolute concentration of the QDs are (i) QDs dispersed in water
or other very polar solvents, where a charged ligand could desorb without the accompanying metal
cation, (if) chalcogenide-terminated QDs, where weakly bound surface chalcogenides serve as hole
traps when adsorbed to the QD and leave under-passivated metal ions to serve as electron traps upon
desorption, or (iii) QDs with more stoichiometric ratios of metal to chalcogenide, where ligands are
typically neutral and datively bound (e.g., amines), and therefore easily desorb to leave under-
passivated metal ions.

2.3.6. Experimental Methods. All chemicals were used as-received from Sigma-Aldrich, VWR or
Alfa Aesar. Deuterated solvents (99.96% C6D6, 99.6% C6D12, and 99.96% CDCI3) were used for
all absorbance, NMR, FTIR, and photoluminescence experiments.

Synthests and Purification of Oleate-Capped CdS Quantum Dots (QDs). To synthesize CdS QDs with R
= 2.0 nm, we used a procedure modified from Peterson, ef /. We combined 90% technical grade
octadecene (14.0 ml, 43.88 mmol), 90% technical grade oleic acid (4.4 ml, 13.9 mmol) and 99.99%

cadmium oxide (0.360 g, 2.80 mmol) in a clean, dry three-neck flask. We cycled the mixture two times
between heating at 120 °C under nitrogen flow and drying under vacuum at 100 °C to remove watet
from the system and avoid extensive water bumping while heating to higher temperatures, and then
heated the mixture to 260 °C until a clear solution formed. We prepared our sulfur precursor by
dissolving elemental sulfur in octadecene at 120 °C, and injected this solution into the cadmium

precursor mixture. The QDs were grown for three minutes at 250 °C.
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To purify the samples, we (1) added a 1:1 (v:v) mixture of methanol and chloroform to the QDs
and centrifuged the mixture at 3500 rpm for 5 minutes, (ii) decanted the top layer, which contained
the QDs, and discarded the bottom layer, and (iii) precipitated the QDs with acetone, centrifuged, and
redispersed in chloroform. Three cycles of precipitation with acetone, centrifugation, and redispersion
were performed to ensure that all excess unbound ligands were removed. The final purified QD pellet
was redispersed in hexane. Prior to each experiment, we dried the QDs completely using a rotary
evaporator, and then redispersed them in the deuterated solvent of interest.
Synthests and Purification of Cadminm Oleate (Cd-O.A). cadmium oleate was prepared according to a

previously published procedure.'” Cadmium oxide (0.207 g, 8.07 mmol) was added to oleic acid (2.04

ml, 32.2 mmol) in a three-neck flask. This mixture was evacuated twice at 100 °C, and then heated to

190 °C under N until the solution turned clear. We cooled the resulting solution to room temperature,
and washed the product three times with acetone to remove unreacted oleic acid. It is very difficult to
achieve complete purity for Cd(oleate), as it decomposes rapidly into CdO and free oleic acid."™>"”’
We estimate, from FTIR spectroscopy in C¢Dg (see Figure 2.13), that the amount of oleic acid
impurity in cadmium oleate samples is 20 — 40%. We denote the as-synthesized product “Cd-OA”.
Nuclear Magnetic Resonance (NMR) Measurements. We obtained '"H NMR spectra for all samples using
an Agilent DD2 600 MHz spectrometer and glass NMR tubes from Wilmad. We varied the
concentration of QDs from 10 nM to 10 uM, and varied the concentrations of Cd-OA and free oleic
acid control samples from 0.2 to 2 mM. We increased the number of NMR scans from 32 for higher
concentration samples to 1024 for lower concentration samples. We cleaned the NMR tubes prior to

analysis by soaking them in aqua regia overnight to remove trace organic and metal impurities,

followed by triple-rinsing with water, isopropanol, acetone, and finally chloroform. We used a
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ferrocene integration standard, and the solvent peaks for cyclohexane, benzene, and chloroform as
ppm standards.

Fourier Transform Infrared (FTIR) Spectroscopy. We collected FTIR spectra with a Thermo Nicolet
Nexus 870 spectrophotometer in transmission mode, using a resolution of 2 cm™ for the cadmium
oleate and oleic acid samples, and 8 cm™ for our experiment with 1 uM QDs, because the higher
resolution scans introduced a high level of noise. The IR cell comprised two 38.5 mm x 19.5 mm x 4
mm KCl plates with a mercury amalgam spacer, and was cleaned with chloroform before use.

Ground State Absorption Measurements. We performed UV-visible-NIR ground state absorption
experiments with samples in a 1-cm path length quartz cuvette using a Varian Cary 5000 spectrometer.
We baselined our spectra with the corresponding neat solvents.

Photoluminescence (PL) Measurements. We collected PL spectra with samples in a 1-cm path length
quartz cuvette on a Fluorolog-3 spectrofluorometer, using a front-face geometry configuration, with
excitation and emission slit widths of 5 nm. We carried out the QD quenching experiments with added
p-benzoquinone in CDCl.

2.4 Summary of Methods for Quantitative Characterization of QD Surface Chemistry.

The Weiss group utilizes a number of different NMR techniques to characterize the surface

chemistry of QDs. We describe these methods below.
2.4.1. Direct measurement of spectrally resolved signals due to bound and free species. Species
bound to the QD surface with sufficient length, lability, and degrees of rotational freedom may be
observed directly as broadened signals in the NMR spectrum. Depending upon the chemical nature
of the ligand and the solvent, the signal due to the bound species may or may not be spectrally resolved
from that of the free, unbound species. Direct integration of spectrally resolved bound and free ligand

NMR signals is the simplest and most straightforward method of characterizing the chemistry of the
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QD surface. The Weiss group has utilized this method to quantify the amount of perfluorodecanethiol
(PFDT) bound to PbS QDs in d¢-benzene. Using "F NMR, Weinberg e/ a/. examined the signal from
the terminal -CF; group and integrated the broad and sharp signals (corresponding to bound plus free
PFDT) centered at —81.3 ppm. They compared this integral to that of the broad signal alone to obtain
the fraction of PFDT that is bound, and multiplied this fraction by the number of equivalents of
PFDT added to determine the number of bound PFDT ligands per QD.'*
2.4.2. Measurement of bound species using signal subtraction. Some species bound to QDs,
such as aromatic thiols, are short and rigid, and bind so strongly to the surface of the QD, that their
signals become broadened into the baseline of the NMR spectrum. In the case of these short, rigid
ligands, the number of bound species can be calculated by comparing the signal from ligands and QDs
to the signal of ligands alone, and subtracting the difference. Amin e /. and Aruda ef a/. both used this
method to calculate the number of substituted thiophenols on CdSe QDs. Amin e7 a/. calculated the
number of 4-methylthiophenols (CH;-TP) bound per QD by subtracting the number of free CH;-TP
per QD within the mixture from the number of CH;-TP per QD that was added, as determined from
the signals at 7.08 and 7.20 ppm within a spectrum of a QD-free standard sample.'™ Aruda e a/. used
this same method for a variety of para-substituted thiophenols.'”’

Lian ef al. also used a signal subtraction method to determine the number of 4-phenothiazin-10-
yl-dithiocarbamate (PTC-PTZ) ligands bound to CdS QDs. They compared the aromatic proton
intensity of the same amount of added PTC-PTZ with and without QDs. They accounted for the fact
that, in the absence of QDs, PTC-PTZ degrades exclusively to its aniline derivative, but in the presence
of QDs, unbound PTC-PTZ also forms phenothiazine-phenyl-thiourea (PTZ-Ph-TU). These
degradation products do not bind, or bind only weakly, to the QD and do not displace bound PTC-

PTZ." All of the aromatic signals in mixtures of PTC-PTZ with QDs correspond to freely diffusing
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or weakly binding degradation products of PTC-PTZ; the signals from bound PTC-PTZ are not

detectable. They then calculated the number of bound PTC-PTZ per QD, A, using eq 2.3:

18  (I4—1B)XMjs
a I1sXMgp

A= 2.3)

where 11 and I are the integrated 'H NMR intensities of all of the aromatic proton signals in a sample
of PTC-PTZ alone and in a mixture of PTC-PTZ with QDs, respectively. Iis is the intensity of the
signal from an internal standard hexamethylcyclotrisiloxane. Mop and Ms are the number of moles of
QDs and the number of moles of internal standard, respectively, in the sample. The prefactor “18/a”
accounts for the fact that the internal standard molecule has 18 protons, and the number of aromatic
protons in the integrated region is a.'”

2.4.3. Measurement of displaced native ligands to determine the number of bound species.
Another method of determining the surface coverages of ligands that are too broad to see directly by
NMR is to utilize the signal from displaced native ligand as a proxy for the number of bound ligands.
Since the NMR signals of free species are sharp, and sometimes at a different chemical shift from
those of bound species, this method is an indirect, but useful way to determine the number of bound
ligands, particularly in cases where these ligands degrade when not bound to the QD surface. The
most common ligand to be displaced is oleic acid (OA, oleate), usually in the form of cadmium or lead
complexes, M(OA), or M{OA,. Oleate has a very convenient NMR signal that arises from its two vinyl
protons between 5-6 ppm, which is well-separated from competing aromatic or aliphatic proton
signals. In benzene and toluene, bound and free oleate are well-resolved enough to be integrated
separately.”'"! Weinberg ¢# al. corroborated their results from direct integration of the "’F NMR signal
by observing the amount of native oleate displaced by PFDT, where each bound PFDT molecule

displaced an average of two oleate molecules in the complexed form described above.'”
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Lian ef al. also used the signal from displaced oleate to determine the quantity of bound ligands
covalently attached to the hole acceptor phenothiazine. To estimate the number of bound PTC-PTZ
per QD using displaced oleate, they integrated the NMR signals of freely diffusing oleic acid (OA) (8
= 5.5 ppm, sharp as well as the signals from bound oleate (6 = 5.7 ppm, broad). The increase in free
OA and the decrease in bound OA signal indicates that addition of PTC-PTZ displaces oleate ligands
from the QD surface. Using the ratio of one PTC-PTZ bound per two oleates displaced, they were
able to estimate the number of bound PTC-PTZs per QD."”
Finally, Harris e/ al used displaced oleate to determine the number of bound 4-
hexylphenyldithiocarbamate molecules bound to CdS QDs, which is described in detail in Chapter 3

of this dissertation.'*®
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3 ROLE OF INTERLIGAND COUPLING
IN DETERMINING THE
INTERFACIAL ELECTRONIC
STRUCTURE OF CDS QUANTUM
DOTS

Adapted from: Harris, R.D.; Amin, V.A.; Lau, B.; Weiss, E.A. Role of Interligand Coupling in
Determining the Interfacial Electronic Structure of Colloidal CdS Quantum Dots, .ACS Nano, 2016,

10 (1), 1395-1403.

3.1 Chapter Summary

Displacement of cadmium oleate (Cd(oleate),) ligands for the exciton-delocalizing ligand 4-
hexylphenyldithiocarbamate (C6-PTC) on the surfaces of CdS quantum dots (QDs) causes a decrease
in the band gap (E,) of the QD of ~100 meV for QDs with a radius of 1.9 nm and ~50 meV for QDs
with a radius of 2.5 nm. The primary mechanism of this decrease in bandgap, deduced in previous
work, is a decrease in the confinement barrier for the excitonic hole. The increase in apparent excitonic
radius of the QD that corresponds to this decrease in E, is denoted AR. The dependence of AR on
the surface coverage of C6-PTC, measured by "H nuclear magnetic resonance (NMR) spectroscopy,
appears to be non-linear. Calculations of the excitonic energy of a CdS QD upon displacement of
native insulating ligands with exciton delocalizing ligands using a 3D spherical potential well model

show that this response includes the contributions to AR from both isolated, bound C6-PTC ligands

and from groups of adjacent C6-PTC ligands. Fits to the experimental plots of AR vs. surface coverage
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of C6-PTC with a statistical model that includes the probability of formation of clusters of bound C6-
PTC on the QD surface allow for the extraction of the height of the confinement barrier presented
by a single, isolated C6-PTC molecule to the excitonic hole. This barrier height is less than 0.6 eV for
QDs with a radius of 1.9 nm and between 0.6 and 1.2 eV for QDs with a radius of 2.5 nm.

3.2 Introduction

There exist several examples of photophysical processes in colloidal semiconductor nanocrystals
(quantum dots, QDs) that depend not only on the chemical structures and geometries of their surface
ligands, molecular adsorbents, or surface states, but also on the surface coverage of these species. For
instance, the probability of electron or hole transfer from the excitonic state of a QD to a proximate
molecular acceptor or surface trap depends linearly on the surface density of thermodynamically

134-135

accessible acceptors or traps.130'133 Given recent advances in the precise preparation and

quantitative charactetization™'"!

of the surface chemistry of QDs, it is now reasonable to synthetically
or post-synthetically tune this surface density and therefore chemically control the optical and
electronic properties of QDs. Here, we introduce a new synthetic “knob” by which we can exert this
chemical control by demonstrating the dependence of the optical bandgap of a CdS QD on both the
surface coverage and spatial distribution of an exciton-delocalizing ligand, 4-hexylphenyldithiocarbamate
(C6-PTC), Figure 3.1A. Ligand “patchiness” on the surface of nanoparticles has been useful for self-

assembly and targeted drug delivery;**'**

this study, however, is the first to examine the effect of the

degree of adjacency of functional ligands on the electronic spectra of nanoparticles.
Dithiocarbamates, upon binding to the surfaces of cation-enriched metal chalcogenide QDs, cause

a large bathochromic shift in the first excitonic absorption of the QDs (up to 1 eV for

phenyldithiocarbamate on very small CdS QDs)> while enhancing the oscillator strength of this

transition,"”” and preserving the linewidth of the absorption and photoluminescence peaks.”® We have
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presented evidence, in previous publications,”*>”

that this decrease in the optical bandgap is due
primarily to stabilization of the first excitonic state through adiabatic delocalization of the excitonic
hole into resonant or near-resonant interfacial states of mixed QD-ligand character that form in the
ground state of the QD-dithiocarbamate complex. This mechanism is supported by high-level density
functional theory calculations performed by a separate group.'* The primary motivation for
discovering (and, ultimately, predicting the structures of) organic ligands like dithiocarbamates that
couple electronically to the QD core is that dissociation of excitons at the interfaces of QDs with
surrounding redox centers (e.g., other QDs, electrodes, or organic molecules) is typically an efficiency-
limiting step in photovoltaic, photocatalytic, and optical sensing systems based on QDs, especially
when the carrier being extracted is the hole, which, in cadmium chalcogenides, is the “heavier” (in
terms of effective mass), more localized catrier.'*"* The native ligands that serve as an effective
surfactant in the synthesis of high-quality colloidal QDs are highly electronically insulating and
therefore further inhibit exciton dissociation. Post-synthetic displacement of these native ligands with
delocalizing ligands using simple ligand exchange procedures provides a mechanism for charge carrier
or exciton extraction from the QD, without sacrificing the narrow linewidth and high oscillator
strength of excitonic transitions associated with quantum confinement, or the chemical and electronic
passivation afforded by organic adlayers."*'*

In this work, we use 'H nuclear magnetic resonance (NMR) spectroscopy to determine the surface
coverage of the delocalizing ligand C6-PTC on CdS QDs and correlate this surface coverage with the
average exciton delocalization radius for QDs within the ensemble (a parameter we denote “AR”). We
find — in some experimental data and in simulations of this data using a three-dimensional, multi-step
particle-in-a-sphere potential — a nonlinear response of AR to surface coverage of C6-PTC that,

according to the simulations, corresponds to a cooperative effect among adjacent delocalizing ligands.
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We propose a statistical model to fit the simulated and experimental data that allows us to deconvolute

the contributions of isolated C6-PTC molecules from the contributions of clusters of C6-PTC

molecules, and to extract the magnitude of the tunneling barrier presented by each isolated C6-PTC
molecule to the excitonic hole, a fundamental property of the interfacial electronic structure.

In separate work, we measured and modeled the response of AR of CdSe QQDs to the surface

126127 "The interesting non-linear

coverage of another class of delocalizing ligand, thiophenolates.
response of AR to surface coverage and the influence of ligand adjacency that we observe here is not,
however, apparent in that system because (i) thiolates have a smaller density of sulfur states into which
the hole delocalizes than do dithiocarbamates, and (ii) for reasons detailed in our previous work,'**"*’
the achievable surface coverages of thiophenolates on CdSe QDs are smaller than the achievable
surface coverages of phenyldithiocarbamates on CdS QDs. We therefore achieve a smaller degree of

delocalization in the CdSe-thiolate system than in the CdS-dithiocarbamate system, and never access

the non-linear regime of AR vs. surface coverage.

3.3 Results and Discussion

3.3.1 Quantification of Exciton Delocalization and the Surface Coverage of C6-PTC on CdS
QDs. We treated the QDs with the ammonium salt of C6-PTC in benzene, Figure 3.1A; and
monitored the position of the QDs’ first excitonic peak by ground state absorption spectroscopy. We
used C6-PTC, rather than unsubstituted PTC (which we have used previously)**> because (i) it is
soluble in benzene, and (if) the hexyl chain provides enough of a steric barrier to prevent aggregation
of the CdS QDs after exchange, so we can achieve higher coverages of C6-PTC than other derivatives
of PTC while keeping the QDs dispersed. In order to determine the apparent change in excitonic
radius, AR, upon adsorption of C6-PTC for each QD/C6-PTC mixture, we converted the position of

the first excitonic peak of the QDs from A to excitonic radius R using experimentally derived
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Figure 3.1. A) Schematic of the ligand exchange process, where each C6-PTC, added as either the
DIPEA salt (shown) or the TEA salt (not shown), displaces, on average, one cadmium oleate
complex (two oleate ligands) in order to bind to the core of the QD. The text explains how we
determine the stoichiometry of the ligand exchange. B) Ground state absorption spectra of CdS
QDs (R = 2.5 nm) treated with increasing (black to red) molar equivalents of C6-PTC (0 — 717); the
spectra are normalized to the height of the lowest-energy excitonic peak. We use the magnitude of
the bathochromic shift of this peak and experimentally determined calibration curves of the size of
the QD core vs. its bandgap to calculate the parameter AR, the apparent increase in excitonic radius
upon ligand exchange, at each surface coverage of C6-PTC.
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calibration curves from Yu e a/* During the ligand exchange, the physical size of the QD core remains
constant (see the Supporting Information), so the change in A reflects a change in the apparent size
of the exciton. Figure 3.1B shows the ground state absorption spectra for a series of samples of CdS
QDs, with physical radius R = 2.5 nm, treated with increasing amounts of C6-PTC. The first excitonic
absorption peak shifts to lower energy (ze., AR increases) as more C6-PTC is added.

The direct quantification of QD-bound C6-PTC is challenging in part because the aromatic signals
from C6-PTCs are broadened sufficiently to be indistinguishable from the baseline noise when the
ligand is bound to a QD.""*!"""!* This degree of broadening is attributable to the rigidity of the phenyl
ring portion of the molecule and its close proximity to the QD surface, the irreversible nature of its
binding to the QD surface (in contrast to weakly binding anilines), and the large rotational correlation
times of nanoparticles (and molecules bound to them) in solution.”””'*"** Over the course of the
ligand exchange, unbound C6-PTC degrades quantitatively into products that we detail below; we
therefore cannot calculate the number of bound C6-PTC by subtracting the number of NMR-
observable unbound C6-PTC from the number of added C6-PTC, as we have done previously with
thiophenols.””"* Our use of CdS QDs, which are commonly synthesized with an oleate capping layer,
instead of CdSe QDs, which are most commonly synthesized with an alkylphosphonate layer," is
motivated by the fact that oleate ligands retain some rotational motion even when adsorbed to the
surface of the QD, and have a spectrally isolated signal from vinyl protons.”***"” We can therefore
observe and quantify signal from both free and bound forms of oleate in mixtures with QDs, and,
once we know the stoichiometry of the ligand exchange, use it to infer the surface coverage of Co-
PTC. This procedure would be exceedingly difficult with an alkylphosphonate layer due to the overlap

of its aliphatic signals with those from C6-PTC, and is only possible for the CdSe QD-thiophenolate
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system mentioned above'*® because we can quantify the coverage of thiophenolate directly from its
NMR signals.

Figure 3.2A shows the vinyl region of the 'H NMR spectra of several samples of oleate-coated
CdS QDs (R = 2.5 nm, in d6-benzene) treated with increasing amounts of added C6-PTC. The
Supporting Information contains the same set of spectra for the QDs with R = 1.9 nm. These spectra
include well-resolved signals corresponding to free oleate (8 ~ 5.50 ppm, narrow) and bound oleate
(6 = 5.60-5.82 ppm, broad). In Figure 3.2A, as the concentration of added C6-PTC increases, the
signal for bound oleate decreases in intensity, and the signal for free oleate increases in intensity and
sharpens. The change in chemical shift and linewidth of these peaks during the C6-PTC titration
indicates that the oleate molecules are in dynamic exchange between free and bound states.””* The
signals are well-resolved enough, however, to use their respective integrals, relative to an internal
ferrocene standard, to estimate the number of (mostly) free and (mostly) bound oleate in the sample,
and therefore the number of oleate ligands displaced at each point in the C6-PTC titration.

"H NMR spectra of samples of oleate-coated CdS QDs treated with C6-PTC also contain signals from
4-hexylaniline (8 = 6.38 and 6.97 ppm, both doublets), 4-hexylphenylisothiocyanate (5 = 6.64 ppm,
quartet), and 4,4’-dihexyl-N,N’-diphenylthiourea (8§ = 6.90 and 7.10 ppm, both doublets), into which
unbound C6-PTC degrades during the ligand exchange. Independent control experiments show that
none of these degradation products itself produces a bathochromic shift in the absorption spectrum
of CdS QDs, and that, once the C6-PTC is bound to the QD, it does not desorb or degrade to these

molecules (see the Supporting Information, Figures 3.7, 3.8).
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Figure 3.2. A) The vinyl proton region within 'H NMR spectra of the oleate-coated CdS QDs (R
= 2.5 nm) when treated with various concentrations of C6-PTC (increasing [C6-PTC] from black to
red), in d6-benzene. The spectra are normalized to the height of a ferrocene internal standard (see
Supporting Information for the full NMR spectra for these QDs and for the QDs with radii of 1.9
nm). Inset: NMR spectra of free DIPEA, DIPEA-C6-PTC, and CdS QDs with ~538 equivalents of
DIPEA-C6-PTC. The peak shown is from the ethylene protons of the ethyl group. B) The number
of C6-PTC molecules and its degradation products — 4-hexylaniline (AN), 4-
hexylphenylisothiocyanate (ITC), and N,N’-4:s(4-hexylphenyl)thiourea (TU) — in each sample of C6-
PTC-treated CdS QDs (R = 2.5 nm), counted by NMR as described in the text. The total number
of phenyl rings counted from the NMR spectrum at each added concentration of C6-PTC is shown
in black and fit to a line with forced intercept at (0,0); the fit line has a slope of 1.1. This result shows
that, when we assume that each C6-PTC displaces 2 oleate molecules, we account for all of the added
C6-PTC molecules as either bound C6-PTC, or a freely diffusing degradation product. The
Supporting Information contains this plot for the QDs with R = 1.9 nm, for which the fit line has a
slope of 1.3, as well as for QDs with R = 2.5 nm treated with TEA-C6-PTC, for which the fit line
has a slope of 1.
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In order to infer the number of bound C6-PTC ligands per QD from the number of displaced
oleate molecules per QD, we need to know the stoichiometry of the ligand exchange. We plot in
Figure 3.2B the number of each of C6-PTC’s degradation products per QD — measured directly by
integrating their respective NMR signals — for a series of samples with different concentrations of
added C6-PTC. The Supporting Information contains the data used in the quantification of each
species. We do not observe any free (unbound) C6-PTC at the time of analysis because, over the
course of the ligand exchange (16-24 hours), unbound C6-PTC degrades quantitatively. We estimated

the number of bound C6-PTC’s per QD (red hollow symbols in Figure 3.2B) from the number of

displaced oleate molecules using eq 3.1. In eq 3.1, I¢yee is the integrated free oleate

(Ifree_ Ifree,o)_ Ifree,TU
Npouna = > (3.1)

signal in the spectrum of the QDs treated with C6-PTC, Ifyee o is the integrated free oleate signal in
the spectrum of QDs with no added C6-PTC, and Ifpeery is the estimated number of oleates
displaced by the thiourea degradation product, which we determine using a separate, direct titration
of the QDs with thiourea (see the Supporting Information). The value of “2” in the denominator of
eq 1 means that each C6-PTC and each TU displaces two oleates — presumably in the form of the
neutral species, Cd(oleate),. When we make this assumption about the stoichiometry of the ligand
exchange, the slope of the linear fit to the black diamond symbols, which represent the sums of the
number of all degradation products per QD plus the number of bound C6-PTCs per QD, is 1.1 (with
a fixed y-intercept of zero); this slope of ~1 means that we have accounted for every added C6-PTC
molecule as either a degradation product or a displaced oleate. If instead we calculate the number of
bound C6-PTC by assuming that each C6-PTC or TU displaces an average of 1 or 1.5 oleate molecules

(and therefore use a denominator of either 1 or 1.5 in eq 1), the slopes of the fit-lines are 1.3 and 1.2,
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respectively, indicating that we measure more molecules than we added. We therefore deduce that the
stoichiometry of the ligand exchange is one bound C6-PTC to (at least) two displaced oleates, and we
count the number of bound C6-PTC per QD using eq 1.

Displacement of a so-called “z-type” ligand (like Cd(oleate)s) has been seen previously in treatment
of carboxylate-terminated metal chalcogenide nanocrystals by Lewis bases.'®"*" This mechanism
for ligand exchange explains why (i) C6-PTC does not bind to CdSe or CdS QDs that are not cadmium
enriched (see the Supporting Information of Frederick e a/”), and (ii) the NMR signals of protons
belonging to the ammonium counterions of C6-PTC broaden upon addition of QDs (Figure 3.2A,
inset and the Supporting Information). This broadening indicates that adsorption of the ammonium
counterions, along with the C6-PTC, to the QD surface upon displacement of a neutral Cd(oleate):

balances the charge in the ligand exchange.

3.3.2. The Response of AR to the Surface Coverage of C6-PTC Ligands. Figure 3.3A is a plot

of AR versus the average number of bound C6-PTC molecules per QD, determined with eq 1, for
two sizes of QD cores (R = 1.9 and 2.5 nm). All of the data for a given size of QDs were collected on
a single synthetic batch. The plot for R = 1.9 nm appears to be non-linear, even when considering the
uncertainty, which is dominated by the error in our measurement of the number of bound ligands per
QD, as explained in the Supporting Information. The Supporting Information also contains a
comparison of linear and quadratic fits to these plots, and associated R* values.

To aid in our interpretation of these plots, and to determine their quantum-mechanically predicted
shape under ideal conditions, we modeled the dependence of AR on the number of bound C6-PTC
ligands using a simple three-dimensional particle-in-a-spherical potential well model. We assume, in
applying this model, that the dominant contribution to exciton delocalization by C6-PTC is a decrease

in the confinement energy of the excitonic hole (as opposed to the electron), although the model itself
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can be adapted to apply to either or both carriers. We have presented evidence for this hole-specific
delocalization in a previous publication,” and this mechanism is supported by high-level DFT
calculations.'” To calculate AR at each surface coverage of C6-PTC, we compute the confinement
energy of the excitonic hole (with its known effective mass within CdS) in a three-dimensional,
core/shell/shell spherical potential well (Figure 3.3B, inset).

In the core of the spherical potential well, which represents the nanocrystalline core of the QD,
the potential energy is set to 0 eV. In the outer shell, which represents the solvent and the insulating
portions of the ligands, the potential energy is set to 3.6 eV, the difference in energy between the top
of the CdS valence band and the HOMO of benzene, our solvent.'” The inner shell represents the

interfacial region between the QD core and the ligands; this region primarily determines the
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Figure 3.3. A) A plot of AR vs. the number of bound C6-PTCs (as measured by the number of
displaced Cd(oleate) ligands in the NMR spectra) on CdS QDs with R = 1.9 nm (blue) and R = 2.5
nm (red). The solid lines represent the simultaneous fits to eq 5 for each size, where N is fixed at
the maximum theoretical number of bound ligands, Ary, = CyAry, and Cy = 1. The dashed lines
are linear fits to the data with a forced intercept at (0,0). B) Simulated response of AR vs. number of
bound C6-PTCs on CdS QDs with R = 1.9 nm, calculated using a 3D spherical potential well model
(schematic shown in inset) where increased surface coverage of the delocalizing ligand corresponds
to a lower average barrier height (which ranges from 0 to 2.3 eV) for the excitonic hole. C) Simulated
response of AR to the surface coverage, 0, of delocalizing ligand for spheres with radii of 1.1 and 3.2
nm. We show the average (points) and range over five trials (error bars) for each size. Inset:
Simulated response of AR to 6 for a sphere with a radius of 1.1 nm, where the delocalizing ligands
are either placed maximally far apart on the sphere’s surface (hollow circles) or in a Janus particle-
like configuration with maximal adjacency (solid circles), for barrier heights of 0 eV (black) and 0.6
eV (blue). From these plots, it is evident that a greater number of adjacent ligand interactions on the
surface of the sphere results in a greater AR.
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confinement energy of the excitonic charge carriers. We divide this region into equal radial volumes
with a surface density of 4 nm™ and a thickness in the radial direction of 0.6 nm, based on an estimate
of the surface footprints and volume of the HOMO, respectively, of both the insulating native ligands
(oleate) and the delocalizing ligands (C6-PTC)."** We set the potential energy to 3.3 eV in each region
occupied by a native oleate ligand, and to be between 0 and 2.3 eV in each region occupied by C6-
PTC. These values represent the limits of large-mixing and zero-mixing, respectively, at the QD-ligand
interface. The Supporting Information details the selection of appropriate solvent, native ligand, and
delocalizing ligand potentials. We simulate the exchange of a single native ligand for a delocalizing
ligand by decreasing the potential energy in a randomly chosen ligand volume appropriately. We repeat
this process until 95% of the native ligand potentials have been set to the delocalizing ligand potential
(we stop at 95% purely for computational convenience, see the Supporting Information), and record
the exciton energy as a function of surface coverage during the course of the exchange. We then
convert these energies to values of AR using the known relationship between the size and the energy
of excitons in CdS QDs coated in insulating ligands (see the Suppotting Information).*

Figure 3.3B is a plot of AR, calculated with this method, versus the number of bound delocalizing
ligands with barrier heights between 0 and 2.3 eV, for a sphere with a 1.9-nm radius. The Supporting
Information contains a similar plot for a sphere with radius 2.5 nm. The placement of C6-PTC ligands
during the simulated exchange is random, so we plot three to five trials — each representing a spatial

arrangement of ligands on the QD surface — for each surface coverage. Note that, as the barrier height
presented by C6-PTC decreases, (i) the dependence of AR on the surface coverage of C6-PTC
becomes more non-linear and (ii) the sensitivity of AR to the arrangement of C6-PTC ligands on the

surface of the QD, as indicated by the trial-to-trial variation in the simulated curves, increases. These

simulations also indicate that the apparent non-linear shape of the experimental plots in Figure 3.3A



76
is quantum mechanically predicted for small barrier heights. We note that, for R = 1.9 nm (which is
the core size used to simulate the data in Figure 3.3B) the non-linearity is most apparent when plotting
AR over the full range of surface coverages. Our inability to achieve a coverage of greater than ~110
C6-PTC ligands per QD (without particle precipitation) for this size of QD may account for the
subtlety of the curvature in our experimental dataset. We explain the fits to the data in Figure 3.3B
below.

3.3.3. The Contribution of Ligand Adjacency to Exciton Delocalization. To determine the
physical origin of the response of AR to the surface coverage of a delocalizing ligand, we simulate the
dependence of AR on the spatial arrangement of delocalizing ligands on the QD surface for a very

small (R = 1.1 nm) and very large (R = 3.2 nm) QD core. Figure 3.3C shows the results of the

simulation for these two radii and a barrier height presented by the delocalizing ligand of 0 eV. The
calculated values of AR are plotted with respect to surface coverage (6, the fractional number of

bound delocalizing ligands relative to total surface sites) so that we can more easily compare the
responses for different core radii. The points and error bars correspond to the average and the range
of AR, respectively, for three to five trials of the simulation.

From Figure 3.3C, we see that: i) any trial-to-trial variation in AR for a given core radius that
exists is greatest at moderate (6 = 0.4 — 0.8) surface coverage, ii) the trial-to-trial variation in AR for a
given value of 8 increases as R decreases, and iii) at a given surface coverage, the average value of AR
is always higher for smaller R. These trials differ only in the spatial distribution of delocalizing ligands,
so these observations point to the degree of adjacency of delocalizing ligands as the source of
variation in AR for a given surface coverage. At low surface coverages, delocalizing ligands are likely

to have zero nearest neighbors, and at 95% surface coverage, virtually every ligand is surrounded by
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nearest neighbors; therefore, at low and high surface coverages, trial-to-trial variation in ligand
adjacency is low, as is trial-to-trial variation in AR. Most of the scatter in the simulated plots then
occurs at intermediate surface coverages. The increased variation (and overall AR) for small spheres
is due to the fact that the ligand footprint is held constant in the simulation, so each ligand takes up a
greater fraction of the surface area, and changes in its adjacency result in larger variations in AR.

We then compare the response of AR to increasing surface coverage of delocalizing ligands for a
simulation in which the number of nearest-neighbors for each delocalizing ligand is maximized (in a

Janus particle-like configuration)'*

to that for a simulation in which the number of nearest-neighbors
is minimized, Figure 3.3C, inset. These plots demonstrate explicitly that, at a given surface coverage,
a greater number of adjacent ligands leads to a greater value of AR. Furthermore, the more constant
the average adjacency is with increasing surface coverage, the more linear the response of AR (see the
Supporting Information, Figure 3.11). For instance, in the simulations where we have enforced
minimal adjacency (open symbols), at low surface coverages (0 < 0.2), each bound delocalizing ligand
has zero adjacent delocalizing ligands, and the relationship between AR and 0 is approximately linear.
In a simulation like this one where the excitonic energy depends only on the confinement energies of
the carriers (and not the Coulomb potential), a linear dependence of AR on 0 is predicted in the regime
where each bound delocalizing ligand has zero adjacent delocalizing ligands, because adding a
delocalizing ligand is equivalent to changing the effective size of the QD by a fraction of a monolayer
(i.e., the delocalizing volume of each ligand can be spread over the entire surface of the QD). Once
the ligands begin to bind next to each other and create “joint” potential wells, one can no longer
consider the potential presented to the excitonic hole to be a simple linear average of the potentials

of each isolated ligand. The average number of adjacent interactions increases rapidly with surface

coverage at ~0 = 0.5, and so does AR, due to the formation of larger potential wells as ligands cluster.
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The sensitivity of AR to the degree of adjacency decreases as the barrier height presented by the
delocalizing ligand increases (compare the plot for a barrier height of 0 eV, black, to that for a barrier
height of 0.6 eV, blue).

An interesting question is whether the dependence of AR on surface coverage is related to a
transition from an anisotropic distribution of delocalized ligands at low coverage to a more isotropic
distribution (monolayer coverage, or a “shell” of ligands) at higher coverage. The plots in Figure
3.3C, inset, also address this question. In the Supporting Information, we highlight a particular surface
coverage on these plots, ~30%, where maximizing the inter-ligand distance has resulted in a near-
isotropic distribution of delocalizing ligands with zero adjacency, and where minimizing the inter-
ligand distance has resulted in an anisotropic distribution with maximal adjacency. The value of AR is
clearly larger for the larger-adjacency distribution, despite the fact that the zero-adjacency distribution
is nearly completely isotropic. These data show that it is coupling between delocalizing ligands, and
not how isotropic the delocalization is over the particle, that determines AR.

3.3.4. A Statistical Model for Estimating the Influence of Ligand Adjacency on Exciton
Delocalization. The simulations have told us that we need to derive a model based on ligand
adjacency in order to fit our experimental data in Figure 3.3A. We therefore classify ligands by their
“adjacency number”, £. For example, a delocalizing ligand surrounded exclusively by native ligands
has £ = 0. A delocalizing ligand with two nearest-neighbor delocalizing ligands has £ = 2. For each
ligand in a hexagonally close packed system (which is what we assume here), 0 < £ < 6.

We then define AR at a particular number of bound delocalizing ligands per QD (Npoyung) as a sum

of contributions from ligands with & = 0, ligands with £ = 1, ... ligands with £ = 6, eq 3.2. In

AR(Npouna) = Zgzo[Ark * Npouna * P(k; 6, 9)] (3.2)



79
eq 2, Aryis the value of AR per bound, isolated delocalizing ligand, Ary is the AR per bound
delocalizing ligand with one nearest neighbor, and so on, and P (k; 6, 8) is the probability that a bound
delocalizing ligand will have k adjacent delocalizing ligands at a surface coverage of 8.

We use a binomial distribution function to define P(k; 6, 0); in doing so, we assume that the
ligands are distributed randomly on the surface of the QD. A similar approach used a Poisson
distribution to determine the probability of finding a neighboring peptide on the surface of a gold

161

nanoparticle.” We consider each of the six sites surrounding a bound delocalizing ligand to be a

Bernoulli trial, where success means that another bound delocalizing ligand exists at that site, and the
probability of success is equal to the fractional surface coverage of delocalizing ligands (p = 0). Then,
the probability that a particular bound ligand has k adjacent ligands P(k; 6, 0) is defined by eq 3.3,

and the number of
P(k; 6,0) = (Z) ok (1 — )6k (.3)

delocalizing ligands with a particular adjacency number, Npoyna k. is given by eq 3.4.

6 -
Noounae = Noouna * () 0%(1 = )7 (34)
Substituting eq 3 into eq 2 (and using the fact that 8 = I\;\l,"’_—lt”“i), we obtain eq 3.5 for the
sites
6 -
AR = ¥fi—o ATy * Nyguna * () (Rpeundyl(1 — Spoundyo-cy (3:5)

observed value of the average delocalization radius AR, where Ngjros = 4 * 4mr? because 4
ligands/nm” is the ligand density used in our simulation, based on the calculated ligand footprint of
C6-PTC. Equation 5 describes AR as a function of Npgyng, which we can measure, and fitting

parameters A1y for £ =0 — 0.
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To determine whether this functional form of AR reasonably reproduces the response of AR to
surface coverage for these systems, we first fit the simulated plots of AR vs. Npgynq for QDs with a
series of core radii, and for barrier heights between 0 and 2.3 eV with eq 3.5 (Figure 3.3B and the
Supporting Information). We constrain these fits by fixing the value of Aryto the value we obtain from
linear fits of plots of AR vs. Npoung for the same potentials, but where we have intentionally
distributed the ligands such that £ = 0 for the entire range of surface coverage we plot. For these linear
plots, the only contribution to AR is the £ = 0 term in eq 3.5 (see the Supporting Information, Figure
3.12). The value of Ary, the vatiable most directly related to the height of the barrier presented by the
delocalizing ligand to the excitonic hole, decreases with increasing size of the QD core, and with
increasing barrier height for all core sizes, as expected, Figure 3.4.”> Upon fixing the value Ary to that
found from fits of the linear plots, eq 5 fits well to the simulated data sets in Figure 3.3B. The values
of Arg,k =1..6 (Table 3.1) ate not individually physically meaningful as they are heavily co-
dependent; this co-dependency is not surprising since, according to eq 3.5, the ranges of surface
coverage where ligands have a particular adjacency number have considerable overlap.

The fits to the simulated data in Figure 3B show that eq 3.5 reasonably reproduces the shape of
the response of AR to surface coverage with an independently determined value of Ary. We then used
eq 5 to fit the experimental plots of AR vs. Npgyna, Figure 3.3A. We cannot independently determine
a value of Ary for these experimental data like we did for the simulated plots, because we can never
ensure that each adsorbed ligand has zero nearest neighbors; therefore, to constrain the fit we define
Ary, as fractions of Ary (eq 3.6), where €} < 1, and the

Ar, = Arg * Cy, 3.6)
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values of Cy are shared across both sizes of QDs (R = 1.9 nm and 2.5 nm). The fits from eq 3.5 and

3.6, shown in Figure 3.3A, yield Ary = 6.0 x 10*

+1.4 X 10* nm for R = 1.9 nm, and Ary = 2.0 X

10+ 1.0 X 10° nm for R = 2.5 nm. We estimate the uncertainties in these values from the error bars

on the data in Figure 3.3A, as described in the Supporting Information. By comparing these values

of Ay to those from fits of our simulated data at various barrier heights, Figure 3.4, we conclude that

the barrier height presented to the excitonic hole upon mixing of the orbitals of an isolated, bound

C6-PTC with those of the QD core is 0-0.6 eV for CdS QDs with R = 1.9 nm, and 0.6-1.2 ¢V for

CdS QDs with R = 2.5 nm. The larger value of Ary and the smaller apparent barrier height for smaller

QQDs is consistent with the dependence of the delocalization radius on the confinement energy of the

excitonic hole over this range of sizes of CdS QDs.”

3.4 Conclusions

This study reports a method for using NMR
to count the number of “NMR-invisible”
phenyldithiocarbamate ligands adsorbed to CdS
QDs, by measuring the signal from the displaced
native ligand, which we determined to be
cadmium oleate. This quantification depends
critically on identifying all of the degradation
products of unbound C6-PTC, and on the use of
do6-benzene, in which the signals from bound and
free oleate are spectroscopically distinguishable.

We determined the dependence of AR, the

apparent increase in excitonic radius resulting

1 5X10'3' o calculated Arg (Eg = 1.2 eV)
o calculated Arg (Eg = 0.6 eV)
° o calculated Arg (Eg = 0 eV)
1 0x10-3_ e measured Arg
_ o
£
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Figure 3.4. Hollow circles: Plots of the
calculated values of Ary — the contribution to AR
per isolated (k = 0) delocalizing ligand — for barrier
heights of O (black), 0.6 (red), and 1.2 (green) eV
vs. bandgap (E,) of the QD coated entirely by
native insulating ligands. Solid turquoise circles:
Plots of the measured values of Ary for R = 1.9
nm (B, = 3.0 eV) and R = 2.5 nm (E, = 2.8 eV).
The error bas arise from the fits of the dataset AR
vs. (no. of bound C6-PTC) +3(no. of bound C6-
PTC), respectively, in Figure 3.3A.
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from the electronic coupling of C6-PTC orbitals to the valence band states of the QD, on the surface
coverage of C6-PTC ligands; this dependence is increasingly non-linear as the physical radius of the
QD decreases. Simulations of this dependence with a three-dimensional model of an excitonic hole
within a spherical potential well showed that the non-linearity is due to the enhancement of the
delocalization effect with increasing degree of adjacency of delocalizing C6-PTC molecules on the QD
surface. We developed a statistical model that separates the total observed AR into contributions from
isolated, bound C6-PTC molecules and clusters of C6-PTC molecules of various size. Fits of this
model to our experimental data yielded an estimate of the barrier height imposed by a single isolated
C6-PTC on the excitonic hole: < 0.6 eV for CdS QDs with R = 1.9 nm, and 0.6 - 1.2 ¢V for CdS QDs
with R = 2.5 nm.
The influence of ligand adjacency on the measured value of AR resolves a longstanding puzzle in the
behavior of QDs coated with derivatives of PTC. We have historically observed larger variability in
AR from batch to batch of QDs than we expect based on variability in surface coverage of PTC. We
now know that relatively small changes in ligand surface coverage and spatial distribution have a
measureable effect on the value of AR measured for the ensemble. As a consequence, even a reduction
of a few percent in the number of binding sites per QD, due to different degrees of cadmium
enrichment during the growth of the particles, can result in a large decrease in AR.

We also learn here that the decrease in quantum confinement of excitonic carriers due to an
exciton-delocalizing ligand will be more efficient in cases where the delocalizing ligands phase-
segregate on the QD surface, and that bound delocalizing ligands may couple electronically with each
other, in addition to coupling to the QD core. Future experiments might attempt to control exciton

delocalization at fixed surface coverages by changing ligand surface arrangements from well-mixed to
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highly phase-segregated (z.e., Janus particles), or to synthetically modify the exciton-delocalizing ligands
to encourage or inhibit nearest-neighbor interactions.

3.5 Methods

3.5.1 Synthesis and Purification of CdS Quantum Dots. We synthesized oleate-coated CdS QDs
with R = 1.9 nm by adding 90% technical grade oleic acid (4.4 mlL., 13.9 mmol), 90% technical grade
octadecene (14.0 mL, 43.8 mmol), and cadmium oxide (0.360 g, 2.80 mmol) to a dry, three-neck round
bottom flask, and heating the reaction mixture to 260 °C under an N, atmosphere with vigorous
stirring. Once the solution became clear, we injected elemental sulfur (0.064 g, 2 mmol) dissolved in
4 mL of octadecene and allowed the QDs to grow for three minutes at 250 °C. In order to extract the
unused cadmium precursor, we added an equal volume of a 1:1 (v:v) mixture of CH3;OH and CHCl;
to the QD colloidal dispersion and centrifuged the mixture at 3500 RPM for five minutes. The
cadmium precursor separated into the bottom CH;OH:CHCI; layer, while the QDs remained in the
top layer of octadecene. We decanted this top layer, precipitated the QDs by the addition of ~8 mL
acetone and centrifugation, discarded the supernatant, and redispersed the QDs in hexanes. We
filtered the final redispersed solution using 0.45-um syringe filters to remove any remaining aggregated
QDs.

We prepared oleate-coated CdS QDs with R = 2.5 nm as described above. Upon injection of the
sulfur-octadecene mixture, we allowed the CdS QDs to grow for one minute at 250 °C. We then added
alternating 0.5-mL aliquots of cadmium oleate and sulfur solutions, one minute apart. We monitored
the QD growth after each addition by ground state absorption spectroscopy until we reached the
desired size.

3.5.2. Synthesis of the Ammonium Salts of 4-hexylphenyldithiocarbamate (C6-PTC). We

treated the QDs with R = 1.9 nm with a diisopropylethylammonium (DIPEA) salt of C6-PTC. We
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treated the QDs with R = 2.5 nm with both a DIPEA and a triethylammonium (TEA) salt of C6-PTC
to test whether the counterion influenced the response of AR to surface coverage (it does not; see

Figure 3.5 of the Supporting Information). We synthesized DIPEA C6-PTC by adding two

0.15- = DIPEA-C6-PTC
. L s -C6- o
equivalents of carbon-disulfide drop-wise to one « TEACEPTC -
equivalent of 4-hexylaniline in a rapidly stirring 0.104 e
. . E .
suspension of  five equivalents of £ .
o 0.05- »
diisopropylethylamine at 0 °C, and stirring < -
L]
overnight under No. We washed the resulting 0.00{ W=

white powder with hexanes and dried under N 0 50 100 150 200 250

. Bound C6-PTCs per QD
flow for several minutes. We prepared TEA C6- )
Figure 3.5. We plot AR as a function of bound

C6-PTCs per QD for CdS QDs with R=2.5 nm.
We used C6-PTC with two different counterions:
DIPEA C6-PTC, but using triethylamine as the DIPEA (black) and TEA (red). In the plot, we
observe that the counterion of C6-PTC does not
significantly affect the shape of the AR »s. bound
C6-PTCs curve.

PTC with the same procedure we used for

base. The Supporting Information contains 'H
and "C NMR spectra of the DIPEA and TEA
C6-PTC products.

3.5.3. Solution-phase Ligand Exchange. We added 50 to 800 molar equivalents of either 0.04 M
DIPEA C6-PTC or 0.04 M TEA C6-PTC in d6-benzene to 0.8 mL of 10 uM oleate-coated CdS QDs
in 99.5% do6-benzene in a 6 mL scintillation vial. Upon addition of C6-PTC, we stirred the samples
vigorously for 16-24 hours before acquiring NMR and ground state absorption spectra for each
sample.

3.5.4. Nuclear Magnetic Resonance (NMR) Spectroscopy. We included ferrocene (Fc) as an
internal integration standard in the CdS QD stock by adding 50 pLL of 0.12 M Fc in d6-benzene to 20

mL of 10 uM CdS QD solution before treating the QDs with C6-PTC. We acquired "H NMR spectra
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of each sample on an Agilent DD2 600 MHz spectrometer (32 scans with a relaxation delay time of 2
s). Quartz NMR tubes (Wilmad, 600 MHz frequency) were obtained from Sigma-Aldrich and used in
all NMR and absorption experiments.
3.5.5. Ground State Absorption Spectroscopy. We acquired ground state absorption spectra on a
Varian Cary 5000 spectrometer before and after acquisition of each '"H NMR spectrum. To obtain
each spectrum, we placed the sample (contained in an NMR tube) inside a 1-cm-pathlength quartz
cuvette and stabilized the tube with a plastic pipette tip inserted in the top of the cuvette. We corrected
the baselines of all spectra with neat solvent (in the same NMR tube/cuvette holdet) prior to
measurement. If the position of the first excitonic peak of the QDs in the sample acquired before and
after the NMR spectrum differed, we report the average (in the main text) and range (in the Supporting
Information) of these two measurements. The two measurements of peak position never differed by
more than 1.5 nm. If the sample was too concentrated to accurately measure the position of the first
excitonic peak, we diluted 100 pl. of the sample into 3 mL of benzene after acquiring the NMR
spectrum and before acquiring the absorption spectrum.
3.6 Supporting Information.
3.06.1 Experimental Methods.

Determination of Horizontal Error Bars in Figure 3.3A. The horizontal error bars in Figure 3.3A of the
main text were determined from the residuals that result from fitting the plots of measured »s. added
total phenyl rings (7.e., Figure 3.2B) with a line with slope equal to exactly 1 and a fixed intercept at
(0,0). We converted the residuals at each data point into a percent error for that data point, and plotted
*(%error) as the error bars in Figure 3.3A.

Determination of 1 ertical Error Bars in Figure 3.3A. The vertical error bars in Figure 3.3A of the main

text were determined from the half width at half maximum (HWHM) of the first excitonic peak in the
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ground state absorption spectrum of each sample. These peaks did not fit well to Gaussian functions,
because taking the spectra with the NMR tube distorts the shape of the peak slightly. Instead, we
manually determined the HWHM for each peak using Origin’s Data Reader tool. The uncertainty in

AR (B8AR) is given by eq 3.7, where 8R; is the uncertainty in

SAR = \J(6R)? + (6Rprc)?> (3.7
radius for untreated QDs and 6 Rpyc is the uncertainty in radius for QDs treated with C6-PTC at each
point in the titration. Since we calculate R(E) for a given measured peak energy (E) using a previously
determined calibration curve®, the uncertainty in R(E) is propagated from the uncertainty in E
according to eqs 3.8, 3.9.

dR (E)l dR(E);

SR;(E;) = X 8E; = x HWHM; (3.8)

l

SRprc(Epre) = R 5 SEprc = RBerc HWHMprc  (3.9)

dEprc dEpTC

Determination of V'ertical Error Bars for Aty in Figure 3.4. To obtain the error range for Ary, we used
x+0x and x-0x (shown as the limits of the etror bars in Figure 3.3A, desctibed above) as proxy x-
values, and refit each of these datasets using eq 5 and 6 (fixing C;-Cs to the values obtained from using
the original x-values). The Ary values we obtain from these fits determine the error bars for the
experimental data in Figure 4.

The Direct Addition of Aniline, Phenylisothiocyanate, and N,IN -diphenylthionrea Does Not Induce Exciton
Delocalization. We added each degradation product of PTC (specifically, unsubstituted PTC rather than
C6-PTC) directly to CdS QDs to verify that none of these products causes a bathochromic shift in
the absorption spectrum of the QDs. We added 0, 200, or 800 molar equivalents of each molecule to

10 uM CdS QDs in d6-benzene. The samples were stirred in a 6-mL scintillation vial for ~17h. Figure
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3.22 shows the ground state absorption spectra of the QDs before and after addition of these
molecules.

Synthesis and Control Experiments with 1,3-bis(-hexylphenyl)thionrea. We synthesized 1,3-bis(4-

hexylphenyl)thiourea as described in the literature,'®

using 4-hexylaniline as the precursor. We added
0-800 equivalents of this substituted thiourea to 10 pM CdS QDs in d6-benzene. The samples were
stirred in a 6-mL scintillation vial for ~17h. We took NMR spectra as described in the main text, and
the ground state absorption spectra on diluted samples in a cuvette. Figure 3.23 shows the NMR
spectra of the C6-TU.

Broadening of the NMR Signals from the DIPEA and TEA Counterion upon Addition to QDs. We observe
broadening of the NMR signals from the DIPEA and TEA counterion protons in the presence of
QDs, which suggests that the counterion binds to the surface along with the anionic C6-PTC ligand
in order to balance charge during the ligand exchange (Figure S17). This data corroborates our
deduction, based on “conservation of phenyl protons”, that C6-PTC displaces Cd(oleate),, not oleic
acid.

TEM of Oleate-capped and C6-PTC-capped CdS QODs. We obtained transmission electron microscopy
images of natively-capped and exchanged CdS QDs. Representative TEM images are shown in Figure

3.12, and indicate that the overall size and shape of the QDs do not change upon treatment with C6-
PTC.
3.6.2 Computational Methods

Determination of the Hole Confinement Energy with Increasing (up to 95%) Surface Coverage of Delocalizing
Ligand. In order to simulate the plot of AR »s. the surface coverage of C6-PTC, we constructed a
potential energy surface representing a ligand-coated QD centered in a 3D grid with 256 points in

each dimension. Each grid point represented a cube 0.05 nm on a side. The surface included a core
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region where the potential energy was set to 0 eV, and two concentric annular barrier regions to
represent the core/ligand interface, and the surrounding insulating region, respectively. The core
radius of the QD was set to 1.1, 1.2, 1.4, 1.9, 2.4, 2.5, or 3.2 nm, the QD core/ligand interface
(potential barrier 1) extended 0.6 nm radially, and the insulating portion of the ligand shell and solvent
(potential barrier 2) filled the rest of the potential cube. We set the potential at each grid point relative
to the QD core potential. The potential energy was set to 3.6 eV for solvent (the energy difference
between the CdS valence band-edge and the HOMO of benzene),' 3.3 eV for the core/ligand
interfacial region for insulating native ligands (the energy difference between the CdS valence band-
edge and the HOMO of stearate), and ranged between 0 and 2.3 eV for the core/ligand interfacial
region for delocalizing C6-PTC ligands (2.3 eV being the energetic barrier imposed by a completely
uncoupled C6-PTC ligand to the CdS core). We used stearate as a proxy for oleate in this calculation
to ensure that the HOMO is isolated on the carboxylate head group (and not on the alkene
functionality). We divided the surface of the QD into N evenly distributed sites based on a density
of 4/nm* We determined the site locations by performing a classical electrostatic simulation of N,
point charges of unit charge free to move on the surface of a unit sphere. The motion of the point
charges was damped so that the overall repulsive energy decreased and converged over the course of
the simulations. The final coordinates of the point charges were used as unit radial vectors pointing at
QD surface sites. We assigned each grid point within the ligand shell to the surface site where the dot
product of the grid point’s position and the site’s unit vector was maximized. The eigenfunctions for
a particle with an effective mass of 0.45 (corresponding to the effective mass of the hole in bulk CdSe)
were calculated by an imaginary time relaxation. The range of surface coverage was selected in 20 steps
(0-95%, in increments of 5%) for computational time savings, as the cluster used had 20 processors

per node.
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The HOMOs of stearic acid and C6-PTC were calculated by DFT using a B3LYP functional and

a 0-311G(d, p) basis set. We first performed geometry optimizations of the two molecules, then

performed single point energy calculations for the neutral and ionized species to get the ionization

potential; the negative of the ionization potential of the HOMO energy according to Koopman’s
Theorem.'*

Calenlation of AR from the Confinement Energies Produced by the 3D Pseudopotential Model. To calculate AR

from the confinement energies from the spherical potential well model, we fit a calibration curve to

calculated confinement energy for the non-delocalizing potential wells »s. radius (Figure 3.9). The

resulting calibration curve, eq 3.10, was then used to calculate a

R=(5) -017 310

1.38

radius for different surface coverages (0) of delocalizing ligands. As with the experimental

measurements, AR = Ry-o — Ro.

rQD
2 B
(=]

0

T e Total Q ~
g o C6-PTC (disp. Cd(OA)2) .o “3 1250, , I;:tzlm dico. CA(OA .
=600, o AN - 8 1000/ ° % (disp. Cd(OA)2)
> ITC ) ® ° AN g
£ o TU hd =2 ITC o
& 400 . g 20 o™ .
> . = .
3 Slope =10 o~ 2 5009 giope=13 o 0
< 200- 8 © o o °
o 80 8 o 280 . * o o
) 0- a/g e 0 o g 0 .89 8 g © o o
= 3 7
7 ‘ ' ' - ) 7] w T r - -
S 0 200 400 600 800 g 0 250 500 750 1000
= =

Added Phenyl Rings per QD Added Phenyl Rings per QD

Figure 3.6. Plots of the total number of phenyl rings per QD (from C6-PTC and its degradation
products) in each sample, measured by NMR, zs. the number of phenyl rings per QD added to each
sample, for a mixture of C6-PTC and 2.5 nm CdS QDs (A, with TEA as the counterion) and 1.9 nm
CdS QDs (B, with DIPEA as the counterion).
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Figure 3.7. The vinyl regions of the NMR spectra of CdS QDs with R = 2.5 mixed with 0-800
molear equivalents of C6-PTC. The spectra were acquired at six time points after the initial

mixing of C6-PTC with CdS QDs. These spectra show that C6-PTC, once bound to the QD
surface, remains bound over the course of over 62 houts.
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Figure 3.9. To calculate AR from the confinement energies from the spherical potential well model,
we fit a calibration curve to calculated confinement energy for the non-delocalizing potential wells
vs. radius. The resulting calibration curve is described by eq 3.7, which was used to calculate a radius
for different surface coverages of delocalizing ligands. We subtracted the radius for a surface
coverage of zero from this radius to obtain AR.
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Figure 3.8. Plot of AR »s. equivalents of C6-PTC added to CdS QDs with R = 2.5, at a series of
time points during the ligand exchange. We obtained these data from the same samples used to
collect the NMR spectra shown in Figure 3.7. This plot shows that the bathochromic shift upon

ligand exchange with C6-PTC stays fairly constant over time, which further implies that once bound,
C6-PTC does not desorb from the QD surface.
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Figure 3.10. Plot of AR, calculated using a simple three-dimensional particle-in-a-spherical potential
well model, »s. the number of bound delocalizing ligands for a 2.5-nm core radius. A similar plot for
a core with a 1.9-nm radius is shown in the main text, Figure 3.3B.
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Figure 3.11. We calculated adjacency number, £, by tracking the number of neighboring delocalizing
ligands for each bound delocalizing ligand in our 3D pseudopotential model. We plot the average
adjacency, /., of the bound delocalizing ligands as a function of surface coverage for several core
sizes. Ligands placed as close together as possible are solid circles, and ligands placed maximally far
apart are hollow circles. We see that, at surface coverages < 0.2, adjacency is zero for the minimally
adjacent case; it then increases rapidly to reach an average adjacency of ~0.
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Figure 3.12. Linear fits of the calculated AR from the pseudopotential model »s. the number of
bound delocalizing ligands for the zero adjacency case (0 = 0.2, open circles, Figure 3.11), where
ligands are placed maximally far apart on the surface. The slope of each line corresponds to A4ry.
We report the slopes and fit errors in Table 3.1.
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Figure 3.13. TEM images of oleate-capped (A, B) and C6-PTC-capped (C, D) CdS QDs. The
oleate-capped CdS QDs (measured from 14 QDs) measure 3.7 = 0.4 nm in diameter and the C6-
PTC) capped CdS (measured from 12 QDs) measure 3.6 £ 0.3 nm in diameter from Image]
analysis.
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Figure 3.14. Adjacency distribution of ligands from simulation of R = 3.2 nm sphere with 515 surface
sites for surface coverages ranging from 0.2 — 0.8. The solid lines are guides to the eye. Inset: Schematic
representation of a section of the QD surface, showing the individual surface sites as circles. Open
circles represent empty binding sites, and filled circles represent filled binding sites. Each site has 6
nearest-neighbor sites. The bound ligand outlined in red has two adjacent ligands (k = 2).
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Figure 3.15. Plots of calculated AR (from our pseudopotential model) »s. delocalizing ligand
surface coverage, showing five random trials of delocalizing ligand placement on the surface of a
spherical potential well with four different radii. The points and error bars show the average and
range, respectively, of the calculated AR values for a given arrangement of delocalizing ligands
(that impose a barrier height of 0 eV) on the surface. It is evident that smaller sphere sizes show
a much greater variation in AR at a given surface coverage. This phenomenon is due to different
degrees of ligand adjacency, which has a greater impact on small spheres because each bound
ligand takes up a greater fraction of the total surface area.
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Figure 3.16. The aromatic region of '"H NMR spectra of A) 4-hexylaniline, B) TEA-C6-PTC, and
C) DIPEA-C6-PTC in d6-benzene. The vertical lines are guides to the eye, and highlight the peaks
assigned to 4-hexylaniline (blue), 4-hexylphenylisothiocyanate (ITC, green), d6-benzene (purple), and
C6-PTC (red).
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Figure 3.17. Full NMR spectra of ~717 molar equivalents of C6-PTC mixed with A) 2.5 nm CdS
QDs with DIPEA as the counterion B) 2.5 nm CdS QDs with TEA as the counterion, and C) 1.9
nm CdS QDs with DIPEA as the counterion. These spectra possess a complex aliphatic region,

easily interpretable vinyl region, and multiple aromatic peaks which we assign to the degradation
products of C6-PTC. Further NMR details are discussed below, in Figures 3.18-3.21.
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Figure 3.18. The vinyl region of the NMR spectra shown in Figure 3.17 (at all concentrations of
C6-PTC), for A) 2.5 nm QDs with TEA as the counterion and B) 1.9 nm CdS with DIPEA as the
counterion. The corresponding NMR spectra for 2.5 nm CdS QDs with DIPEA as the counterion
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Figure 3.19. Plots showing the conservation of phenyl rings per QD (similar to Figure 3.2B) for
alternate stoichiometries of the CO6-PTC-for-oleate exchange. A) and B) show a one-to-one
displacement of C6-PTC for oleic acid, and the case where one C6-PTC displaces an average of 1.5
oleates, respectively, for 1.9 nm CdS QDs with DIPEA counterion. C) and D) show the same for
2.5 nm CdS QDs with TEA counterion, and E) and F) show the corresponding plots for 2.5 nm
CdS QDs with DIPEA counterion.
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Figure 3.20. Peak assignments for the '"H NMR spectra of samples of C6-PTC mixed with 2.5 nm
CdS QDs with DIPEA as the counterion (the same samples depicted in Figure 3.17A and Figure
2A in the main text). Here, we show A) the aromatic region, B) the downfield aliphatic region from
2-3.5 ppm, and C) the upfield aliphatic region from 0.5-2 ppm.
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Figure 3.21. '"H NMR signals of the A) TEA ethylene protons and B) DIPEA (CH;),CH-
(isopropyl) proton for the free counterion, free C6-PTC, and C6-PTC + QDs showing the

broadening of the counterion protons upon addition of QDs, which indicates adsorption of the
counterion to the QD surface.
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Figure 3.22. A) Absorption spectra of CdS QDs with 200 and 800 added equivalents of unsubstituted
aniline (AN), phenylisothiocyanate (ITC), and N, N’-diphenylthiourea (TU). Only 800 equivalents of
TU induces a detectable bathocromic shift of the spectrum. The inset shows a zoom-in of the
excitonic peak; the spectra of the blank and TU samples are solid lines, whereas the other samples
are dashed lines. B) The vinyl region of the spectra of CdS QDs (black), and mixtures of CdS QDs
with 800 equivalents of aniline (AN, blue), phenylisothiocyanate (ITC, yellow), and N,N’-
diphenylthiourea (TU, green). Only TU displaces oleate from the CdS QD surface when it is added.
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Figure 3.23. A) The vinyl region of 'H NMR spectra of CdS QDs with 0-800 equivalents of N,N’-
bis(4-hexylphenyl)thiourea (TU), showing partial oleate displacement. Inset: Plot of displaced oleate
(OA) per QD us. the measured TU per QD (as measured by direct integration of the TU NMR
peaks), fit to a Langmuir-type function. B) Aromatic region of the NMR sequential NMR spectra of
CdS QDs with 0-800 equivalents of N,N’-/is(4-hexylphenyl)thiourea (TU), showing moderate

broadening and shifting of one of the aromatic peaks relative to free TU with no QDs (gray trace).
There is some free TU present with QDs, but much of it is bound.
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The Non-linearity of the Response of AR 10 Niyuna. Our experimental plot of AR 5. Npouna, Figure 3.3A,
for QDs with R = 1.9 nm shows a subtle curvature. We estimate — based on the estimated maximum
number of bound C6-PTC ligands (calculated assuming the QD is a sphere and a C6-PTC footprint
of ~0.23 nm™) — that we only reach a fractional surface coverage of 0.6-0.7 experimentally. The
curvature we observe in the simulated data (Figure 3.3B) is most apparent when we plot AR up to
high surface coverages (>0.7), so the non-linearity of our experimental data is less obvious than that
of the simulated data. We also note that the experiments predict more non-linearity in the plot (over
a given range of surface coverages) for smaller QDs than for larger QDs, which rationalizes the
differences in the shapes of our experimental plots at different sizes.

We quantify the goodness of the linear »s. non-linear fits of the experimental data by comparing
reduced R” value of a linear fit to that of a quadratic fit to that of our statistical model (described in
the main text). Figure 3.24 shows the plots of experimentally measured AR ss. the surface coverage
of C6-PTC for the two sizes we studied. These plots are fit to three functions: (i) a line, with a fixed
intercept of 0,0, for which R* = 0.96 for R = 1.9 nm and 0.97 for R = 2.5 nmy; (ii) a generic quadratic
function, for which R* = 0.97 for R = 1.9 nm and 0.97 for R = 2.5 nm; and (iii) our statistical model,
as we describe in the main text, for which R* = 0.98 (shared between the two sizes to constrain the
fit). For the larger size of QDs, all three functions fit similarly well, as judged by inspection and from
the R* values. For the smaller size of QDs, however, the fit of the quadratic or statistical function is
measurably better than that of the line. The quadratic function has no physical meaning, so we believe

it is justifiable to rely on our statistical model to fit our data.
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Figure 3.24. Plot of AR »s. C6-PTC surface coverage for CdS QDs with R = 1.9 nm (blue) and R =
2.5 nm (red). We show the fit to our model with a solid line, a quadratic function with a dashed line,
and a linear function with a dotted line.
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Figure 3.25. A) Calculated AR s. fractional surface coverage of delocalizing ligand with a barrier
height of 0 eV. The solid circles are data points where the delocalizing ligands have been placed in a
Janus particle-like configuration with maximum adjacency, and the hollow circles are points where
the delocalizing ligands are placed maximally far apart on the surface, with minimal adjacency. It is
clear that, at a surface coverage, delocalizing ligands with more adjacency result in a greater AR, even
though their distribution is less isotropic. B),C) are schematic images of what maximal (B) and
minimal (C) adjacency looks like at a delocalizing ligand surface coverage of 30% (marked on A as
a red line), where the native ligands are blue and the delocalizing ligands are red. Although the
minimal adjacency case (C) is more isotropic, it has a smaller AR (hollow spheres) than the maximal
adjacency case (B).
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Table 3.1. Values of Ary, Calculated from the Linear Fits of the Zero-Adjacency Case in the
Minimal Adjacency Plots where 0 < 0.2 (Figure 3.12).

Ary (nm)?
Barrier Height 0l 0.6 1 121 231
(Simulation Input)
R =1.1nm (254 0.6)x104 | (16 + 0.4)x104 | (11 £ 0.2)x10+ | (43 + 0.8)x105
R =12nm (19 £ 04)x104 | (13 £0.3)x104 | (87 +2)x105 (35 % 0.8)x105
R =1.4nm (12 0.)x104 | (88 £ 0.2)x105 | (60 + 0.04)x105 | (40 % 0.1)x10°
R =19 nm (70 £ 03)x105 | 49 + 0.4)x105 | (33 £ 03)x105 | (13 + 0.09)x10%
R = 2.4 nm @40+ 0.)x105 | (29 + 0.07)x105 | (20 £ 0.03)x105 | (79 + 0.2)x106
R =3.2nm 224 0.)x105 | (16 £ 0.07)x105 | (1.1 + 0.04)x10 | (44 % 0.1)x10°

“ The reported errors arise from the error of the slope from the linear fits in Figure 3.12.

Table 3.2. Experimental values of Ar, from fits of Figure 3A to eq 5 and 6 in the main text.

Radius (1’11’1’1) AI'() C1 Cz C3 C4 Cs C6
1.9 5.8 x 104 | 1.87 | 1.00 | 1.00 | 4.37 | 2.37 | 1.00
2.5 2.0 X 104

Table 3.3. Values of AR for CdS QDs with R = 1.9 nm, Measured Before and After NMR Analysis.

Equiv. 0 45 920 179 269 | 358 | 538 717
C6-PTC

Added

Before NMR | 0 0.018 | 0.071 0.15 021 1025 |0.26 0.23
After NMR 0 0.026 0.062 | 0.15 0.22 10.24 |0.26 0.23
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4 EFFECT OF AN EXCITON-
DELOCALIZING LIGAND ON THE
CONDUCTIVITY OF THIN PBS
NANOCRYSTAL FILMS

Adapted from:

1. Harris, R.D.*; Bettis Homan, S.* ¢ a/. Electronic Processes within Quantum Dot-Molecule
Complexes. Chem. Rev. 2016, 776 (21), pp 12865-12919.
2. Harris, R.D.; Weiss, E.A. The Effect of an Exciton-Delocalizing Ligand on the Conductivity of

Thin PbS Nanocrystal Films. Unpublished work.

4.1 Chapter Summary

This chapter describes the increase in conductivity in lead sulfide quantum dot (PbS QD) films
through treatment of the QDs with an exciton-delocalizing ligand, 4-methylphenyldithiocarbamate
(CH;-PTC). In this study, we demonstrate the potential of “so-called” strong coupling ligands(cite) to
improve conductivity in QD thin films. We deposited between one and three monolayers of PbS QDs
onto a glass substrate after treatment with either CH3-PTC or benzoic acid (BA), which has a similar
chemical structure and molecular length to CH;-PTC but does not delocalize the QD exciton. We
fabricated source and drain electrodes from a eutectic of gallium and indium (EGaln) templated by
polydimethylsiloxane (PDMS), and measured the current under bias, with 532-nm illumination or in
the dark. Although the films were very fragile, which compromised their conductivity somewhat, we

observed a greater film conductivity for films of CH;-PTC-coated QDs than for films of BA-treated
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QDs. When the QD films were treated with mixtures of CH;-PTC and BA, we observe a conductive
response only when the relative amount of CH3-PTC is = 75%. At concentrations of CHs-PTC below
this threshold, there is no detectable current through the film. Finally, we discuss some strategies to

achieve substantial improvements to film durability and sample consistency.

4.2 Introduction
This chapter describes the effect of 4-methylphenyldithiocarbamate (CH:-PTC), an exciton-
CH;-PTC BA delocalizing ligand, on the conductivity of thin

S films of lead sulfide (PbS) nanocrystals (quantum

_ )]\ HO_ _O
S NH dots, QDs). The goal of this project is to explore
further avenues for increasing film conductivity
beyond simple reduction of interparticle distance
CHs

or the use of inorganic ligands to remove the
Scheme 4.1. The chemical structures of 4-

methylphenyldithiocarbamate  (CHs-PTC) = and jnterfacial energetic barrier imposed by the
benzoic acid (BA), the two QD ligands
investigated in this study. organic ligand shell. We prepared thin films of
PbS QDs with native oleic acid (OA) ligands and performed ligand exchanges with either CH3-PTC
or benzoic acid (BA) (Scheme 4.1). To ensure that the improved conductivity in PbS QD films is due
to the unique coupling properties of CH;-PTC and not the shortened interparticle distance alone, BA
was chosen as the control ligand because it has a similar molecular length to CH;-PTC, but does not
delocalize the exciton. We then obtained ground state absorption measurements for each of the films
and measured their conductivity.

We have shown previously that PTC decreases confinement of the excitonic hole for PbS, CdS,

and CdSe QDs in solution and in films.”*>*>'* Exciton-delocalizing ligands, while longer in length

than thiocyanates and other commonly used ligands for film treatments, lower the energetic barrier to
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charge transfer by coupling electronically to the inorganic QD core, and thereby improve charge
transport through a film.

QDs are of interest for use in many different types of electronic devices, such as solar cells, LEDs,
and transistors. The characteristics of QDs that make them appealing for such applications are their

4,163

size-tunable optoelectronic properties,” " solution processability, and potential for multiple exciton

generation from a single photon.'* The current limitations of QD devices are toxicity (which is being

165-167

addressed with the synthesis of heavy metal-free QDs) and the insulating organic ligand shell that
arises from hot-injection synthesis procedures. The high-boiling point surfactants necessary to
synthesize high-quality QDs (usually anionic carboxylic or phosphonic acids) typically contain long,
aliphatic carbon chains that impose a high energetic barrier to charge transfer. Exchanging these
insulating ligands for non-insulating ligands improves the likelihood of charge transfer.

There are many examples in the literature of improved conductivity or overall efficiency in QD-
based electronic devices achieved by increasing inter-QD coupling #za ligand exchange with a shorter
ot more conjugated ligand.'*'® Thiols, for example, have been used in numerous studies to improve
conductivity of QD films, due to their high binding affinity to the QD surface.'*>'*'7>1"¢

Treatment of QDs in films with short organic or inorganic ligands potentially induces exciton
delocalization by facilitating inter-QD coupling.**"**'** Zhang e a/. showed that exchanging the native
aliphatic ligands of CdSe QDs and CdSe/CdS/ZnS core/multishell QDs with inorganic metal
chalcogenide ligands (SnS4*) resulted in delocalization of excitons in the solution phase and enhanced
inter-QD coupling in the solid phase, as supported by a bathochromic shift in the optical spectra of
solution-phase samples and enhanced conductivity of films. The Johnson group measured the

apparent excitonic radius of inorganic-ligand-treated CdSe QD films (metal chalcogenides) »ia ultrafast

cross-polarized transient grating spectroscopy and demonstrated that the exciton is more delocalized
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in QDs with metal chalcogenide ligands and pyridine ligands (after thermally annealing) than with
oleate ligands, and that the effective exciton size can expand to more than two QDs.” Wessels e# a/.
demonstrated that films of gold nanoparticles cross-linked with difunctionalized p-
phenylenebis(dithiocarbamate) show a 10°-fold improvement in conductivity over similar films treated
with thiols.*’

Molecular length and conjugation may be combined with other properties of the ligand, such as
the ability to shift the excitonic peak,'**'”'** as a means to improve device efficiency. Table 4.1 and
Table 4.2 list the electrical properties of QD films (in the dark and under illumination, respectively),
as a function of capping ligand. This study provides evidence that treatment of QD films with CHs-
PTC is a potentially advantageous processing step in the fabrication of QD-based devices. Increasing
QD-QD coupling within films with the addition of CH;-PTC has enormous potential to improve the

efficacy of such devices.



Table 4.1. Field-Effect Measurements of the Electrical Properties of Colloidal QD Films.
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QD Conductivity Mobility (cm?V-1s1) Carrier
. . 2 1 + B s
Capping Ligand (diameter) (S cm?) (h* or e) Density Ref
(cm™)
dimethylformamide PbSe 2x 104 Not reported Not reported 168
(neat) (6.7 nm)
o
HJKT/
2-aminopyridine In20; Not reported 9.5+ 0.2 Not reported 17
A (5.3 nm) (e)
| z
N NH,
PbS 1.7 X 10> Not reported Not reported e
1,2-ethanediamine CuS 3.2 X 101 5% 103 4 % 1020 172
HZN/\/NHZ (4.4 nm) (h*)
hydrazine PbSe 6+ 0.5 %103 Not reported Not reported e
1M (3.7 nm)
H2N_NH2
methylamine PbSe (1£ 0.95) X 105 Not reported Not reported m
1M (3.7 nm)
H3C_NH2
acetic acid PbS 1.1 x 10+ (3.8 + 0.5) X 10 (h*) 2% 101 152
(10 mM) (8.8 nm)
o PbSe 6.2 X 10+ (6.9 + 1.6) X 107 (h*) 6 X 1017 182
)j\ (6.1 nm)
OH
PbSe 2.3 % 10° (6.0 £ 0.3) X 103 (b*) 2 X 101 182
(6.0 nm)
4-aminobenzoic acid 1n,03 Not reported 26102 Not reported 17
0 (5.3 nm) ©)
OH
H,N
methoxide PbSe 5.0 X 102 39+ 1.0)x 101 (")  (8+2) x 107 1%
CH,0 (6.4 nm)
benzoic acid In,0; Not reported 3.07 £ 1.1 Not reported 17
o (5.3 nm) (e)

OH



formic acid

(10 mM)
o)

N

H OH

Oxalic acid
(I mM)
o

HO
OH

(o]

(NFL)2S

1,4-butanedithiol
HS\/\/\SH

1,2-ethanedithiol
SH
HS/\/

1,6-hexanedithiol
/\/\/\/SH
HS

1,5-pentanedithiol
HS” NN gl

1,3-propanedithiol
Hs” >"sH

thioacetic acid

(o)

)I\SH

PbS
(8.8 nm)
PbSe
(6.1 nm)

PbSe
(6.0 nm)
PbS
(8.8 nm)
PbSe
(6.1 nm)

PbSe
(6.0 nm)
CuzS
(5 nm)
PbSe
(6.1 nm)

CuS
(4.4 nm)

PbS
(4.4 nm)
PbS
(5 nm)
PbSe
(3.7 nm)
PbSe
(5.8 nm)
PbSe
(6.1 nm)
PbSe
(6.1 nm)

PbSe
(6.1 nm)

PbSe
(6.1 nm)

PbS
(~3 nm)

7.6 X 104

1.0 X 102

4.3 X 102
3.2 x10°

53 x 104

1.0 X 103
5.59

Not reported

6.4 X 105

Not Reported
6 X 107
1+ 0.55) X 10>
1 x 101!
Not reported

Not reported

Not reported

Not reported

4.4 X 107

2.4+ 0.7) X 105 ()

(3.7 +0.1) X 102 (h*)

(2.3 +0.4) X 102 (h*)
(1.5 + 0.4) X 10+ (h*)

(2.3 +1.5) X 103 (h¥)

(2.5 % 0.2) X 103 (h*)

3.78
(h*)
5% 103
(©)

2% 105
()
8 x 103

()
1x 10+

CY)
Not reported

Not reported

7 x 102
()

4 x 10+
()

2% 107
()

4 %102
()

Not reported

“Ligands listed in the protonation state reported in the cited reference.

2 X108

2 X108

1 x 101
1 x 1018

2 X108

3 X108
9.42 X 1018

Not reported

2 x 101

Not reported
2 x 1010
Not reported
Not reported
Not reported

Not reported

Not reported

Not reported

Not reported
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182

182

182

182

182

182

177

186

172

176

169

171

178

186

186

186

186

189



Table 4.2. Measurements of Photo-electrical Properties of Colloidal QD Films.

Capping Ligand= QD Illumination Source or  Conductivity Mobility Carrier Density Ref
(diameter) Technique (S cm™) (cm?V-1s 1) (h* or &) (cm-)
1-butylamine CdSe Incandescent light bulb 2 X105 2 X104 6.2 X 107 184
AN, (5.3 nm) (0.75 mW/cm?) ©)
1,2-ethanediamine CdSe TMRC Not reported 4 x 103 Not reported 181
HZN/\/NHZ (2.8 nm) (e-/h*)?
PbSe TRTS 1.5 6.3 1.5 x 1018 185
(5.5 nm) (e/h*)?
1,7-heptanediamine CdSe Incandescent light bulb 2 %1038 6 X 10 2.1 x 1016 184
HN o~ N2 (5.3 nm) (0.75 mW/cm?) (e)
NaOH CdSe Incandescent light bulb 5% 104 1 X102 3.1 x 1017 184
(5.3 nm) (0.75 mW/cm?) (@)
tetrabutylammonium PbSe TRTS 9 X 101 4.2 1.3 x 1018 185
iodide (5.5 nm) (e/h*)?
P T VS
NN~
NH4SCN PbSe TRTS 20 31 4.0 xX 1018 185
(5.5 nm) (e/h*)?
NaxS PbSe TRTS 10 25 2.5 X 1018 185
(5.5 nm) (e/h*)
SnS4 CdSe 150 W Xenon lamp 5.2 x 101 Not reported ~ Not reported 183
(3.2 nm)
1,2-ethanedithiol PbSe TRTS 1.5 5.8 1.6 x 1018 185
AN (5.5 nm) (e-/h*)
4-methylthiophenol PbS Solar-simulated 5% 10 1 X 10 5% 1017 143
(2.8 nm) illumination (")

SH
HyC” :

“Ligands listed in the protonation state reported in the cited reference.

"The total mobility for both electron and hole.
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149
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4.3 Results and Discussion
4.3.1. The Eftect of Film Thickness on the Optical and Electronic Properties of Ligand-
Exchanged QD Films. We fabricated a series of PbS QD films with one, two, and three monolayers
(MLs), and characterized them by ground state absorption spectroscopy and potentiometry
measurements using a procedure adapted from McPhail ez a/.° Briefly, we submerged a float glass slide
in 2-3 mL of acetonitrile (ACN), then pipetted 50 pL of PbS QQDs in hexanes on one side of the
container, a polytetrafluoroethylene (PTFE) crucible (Figure 4.1). Due to the immiscibility of hexanes

and ACN, the QDs self-assemble into a single
PTFE crucible

/ ML sheet across the surface of the ACN. We
QD sheet growth exchanged the native oleate ligands present on the
—
ACN QDs with either 4-methylphenyldithiocarbamate
(CH;-PTC) or benzoic acid (BA) by injecting a
TOP VIEW SIDE VIEW

. ] ) solution of one of these ligands dissolved in ACN
Figure 4.1. Schematic showing the film

deposition technique used in this study. QDs in
hexanes were pipetted over a float glass slide
submerged in acetonitrile (ACN). Due to the
immiscibility of hexanes and ACN, the QDs self-

gsser?ble into a single monolayer at the air-solvent the QD film on the glass, the ACN subphase was
interface.

below the surface of the QD film, and allowing

the QDs to equilibrate for 30 minutes. To deposit

removed with a pipette. To create thicker films, this deposition process was repeated up to two more
times on the same glass slide. We used an integrating sphere to characterize the overall optical
properties of the film in the ground state. Upon exchange with CH;-PTC, we observed a substantial
bathochromic shift in the first excitonic peak of the 1-ML PbS QD film (Figure 4.2A). We quantify
this bathochromic shift using the parameter AR, which is defined as the apparent increase in excitonic
radius of the QD that would result in a similar bathochromic shift of the absorbance spectrum. PbS

QDs have a2 maximum AR of ~0.15 nm at all sizes.” In our 1-ML films, we observed a 51-nm shift in
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Figure 4.2. A) The bathochromic shift of the first excitonic peak of PbS QDs upon exchange with
CHs-PTC, in a QD film composed of one to three QD monolayers. We quantify the bathochromic
shift using the parameter AR, the apparent increase in excitonic radius of the QDs, which we obtain
from empirically derived sizing curves.* B) A plot of the measured conductivity (in the dark) of CHj-
PTC-treated PbS QD films as a function of the film thickness in monolayers. Each data point
corresponds to a single measurement on a section of QD film (some films had multiple
measurements taken from different areas).

the position of the first excitonic peak, which corresponds to a AR of 0.1 nm. When we increased the
thickness of the film to two and three monolayers, however, the observable bathochromic shift
became negligible (Figure 4.2A). We believe that the increased film thickness caused some QDs to
exchange with CH3-PTC to a greater extent than others, leading to a distribution of bathochromic
shifts that, in aggregate, show a broadened absorption spectrum rather than a clearly defined
bathochromic shift.

In terms of measurable conductivity, for films treated with CHs-PTC, 1-ML PbS QD films had a
conductivity of less than 0.1 nanosiemens/cm (nS/cm), whereas the overall conductivity generally
increased with increasing film thickness (despite a great degree of variability). For films exchanged
with CH3-PTC, the relationship between film thickness and measured conductivity (in the dark) is

shown in Figure 4.2B. We hypothesize that thicker CHj;-PTC-exchanged films have higher
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conductivity because the deposition of each successive ML fills in cracks or vacancies left behind by
the previous ML.

4.3.2. CH3-PTC-exchanged PbS Films are More Conductive than BA-exchanged Films. We

treated PbS QD films with mixtures of CH;-PTC and BA. We used BA, a non-delocalizing ligand of

20 20
0 A Dark 0 B
0 532-nm hv
10-0% CH3-PTC 10125% CH3-PTC
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w 0 w 0
c c
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Figure 4.3. Current vs. voltage curves for PbS QD films treated with mixtures of benzoic acid (BA)
and CH;-PTC. Where there is less than 100% CH;-PTC, the remainder of the ligand mixture is
composed of BA (for example, 25% CH;-PTC films were exchanged with a 1:3 mixture of CHs-
PTC:BA. We treated each QD film with approximately 1000 molar equivalents of ligand per QD.
The black traces correspond to measurements taken in the dark, and the green traces correspond to
measurements taken under 532-nm illumination. The insets show the same data zoomed in to show
the y-axis range. From these figures, we observe hysteresis at low CH3-PTC concentration, with a

“turn-on” of conductivity that occurs between 25% and 75% CH;5-PTC. From 75% to 100% CH-
PTC. we observe an order of magnitude increase in conductivity.
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similar length and chemical structure to CHs-PTC, as a control (refer to Scheme 4.1). The use of a

ligand with similar (and even slightly shorter) length to CH3-PTC allows us to attribute the difference

in film conductivity to electronic effects at the QD-ligand interface, rather than differences in inter-

QD spacing. We applied a varying bias from -15 V to +15 V for three cycles, and measured the

resulting current.

The results of these experiments are plotted in Figure 4.3. For four identical PbS QD films, we

exchanged the native oleate surface ligands with A) 100% BA, B) a 1:3 ratio of CHs-PTC to BA, C)

a 3:1 ratio of CH3-PTC to BA, and D) 100% CHs-
PTC. We prepared these samples in duplicate;
only one sample is shown in A-C for clarity
because the samples measured within a small
error of one another. We show results from both
duplicate films in D because they differ from one

another. For A-D, we also show the inset to zoom

in on the full range of measured current. From §

the plots in Figure 4.3, we observe that the
strongest conductive response occurs for one of
the samples in D, the 100% CH;-PTC sample,
which has a conductivity of 8.8 nS/cm in the dark
and 12 nS/cm under 532-nm illumination. The

other, less conductive sample has a conductivity

of 0.2 nS/cm in the dark and 0.4 nS/cm under

Figure 4.4. SEM images of PbS QD films
exchanged with A) 4-
methylphenyldithiocarbamate (CH3-PTC) or B)
benzoic acid (BA). We observe no major
structural or packing differences between these
two films; both have approximately hexagonally
close-packed QDs with many cracks and defects
present.
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532-nm illumination. On average, however, the PbS QD films treated with 100% CH3-PTC are the
most conductive.

We observe no conductive response at all for samples treated with 0% and 25% CH;-PTC. We
measure a conductivity of 0.7 nS/cm in the dark and 1.2 nS/cm under 532-nm illumination for PbS
QD films treated with a mixture of CH;-PTC and BA containing 75% CH3-PTC. From 25% to 75%
CH3-PTC, there is an activation of the conductivity, which indicates that a minimum threshold of
CH;-PTC is required to observe any conductive response of a PbS QD film. In  comparing  the
measurements taken in the dark to those obtained under 532-nm illumination, we observe a slight
increase in the measured conductivity under light, which is expected for visible excitation of PbS.

We believe that the discrepancy between the two samples treated with 100% CH;-PTC is due to
variability in film morphology on the microscale. Figure 4.4 shows Scanning Electron Microscopy
(SEM) images of our PbS QD films treated with either A) CHs-PTC or B) BA. From these images,
we observe ordered domains of ~ 10-100 nm, with defects and occasionally larger cracks. These larger
cracks are qualitatively more prevalent in the CHs-PTC-treated film, which is possibly due to the
methyl group disrupting the packing order of the QDs. Both films approximate a hexagonal-close-
packed structure.

4.4 Conclusions and Outlook

As discussed above, preparation and characterization of BA- and CH;-PTC-treated films in
duplicate gave inconsistent results for films exchanged with CH;-PTC alone, to the tune of neatly one
order of magnitude in conductivity. We attribute the inconsistency between films to the heterogeneity
of the films as a result of the ligand exchange process and subsequent deposition. Figure 4.5 depicts
the same PbS QD film as Figure 4.4A, but at a weaker magnification, which further highlights the

presence of microscale cracks.
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We propose three strategies for continuing
this work in order to solve the problems outlined
above. Future work should focus on (i)
optimizing the deposition of QD films to

promote durability and homogeneity, (ii) utilizing

cross-linking ligands to further stabilize the films

and increase conductivity upon ligand exchange, Figure 4.5. SEM image of a 2-ML PbS QD film
treated with PTC. This image reveals large cracks
and iii) improving the fabrication of electrodes and heterogeneities present in the film, which is
the likely culprit of our reproducibility problems
used in the conductivity measurements to shorten 4nd lower than expected conductivity of PTC-

treated PbS QD films.
the distance between the source and drain

electrodes, which should also increase the overall measured conductivity.

The layer-by-layer (LbL) deposition of the QD films utilized in this study is likely the largest
contributor to the film inhomogeneity described above. More contiguous films can be fabricated using
spin-coating from a nonpolar solvent and subsequently performing the ligand exchange after
deposition'”, or Lbl. dip-coating in alternating solutions of QDs and ligand."” In Figure 4.6, we
treated two spin-coated PbS QD films with either A) BA or B) CH;-PTC. Whereas our BA-treated
LbL films displayed hysteresis, our BA-treated spin-coated films show a small conductive response.
The maximum measured current, at an applied potential of +15 V, for CH3-PTC-treated spin-coated
PbS films is ~2 nA, whereas the maximum current for similarly prepared BA-treated films is ~20 pA
(this corresponds to an illuminated conductivity of 0.83 and 8.2 X 10~ nS/cm, respectively). The 100-
fold improvement in conductivity going from BA to CHs-PTC is a promising positive result, and the
appearance of a conductive response for BA-treated films indicates that spin-coating produces films

with fewer defects than our LbL deposition technique.
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Figure 4.6. Current vs. voltage curves for spin-coated PbS QD films treated with A) BA and B)
CH;-PTC. The black traces correspond to measurements taken in the dark, and the green traces
correspond to measurements taken under 532-nm illumination. The maximum current for CHs-
PTC-treated films is ~2 nA, and the corresponding maximum current for BA-treated PbS QD films
is ~20 pA.

The use of cross-linking ligands may also improve the robustness of the QD films. Future
experiments could involve the use of phenylene /is(dithiocarbamate) (PBTC) and terephthalic acid,
the crosslinking analogues of CH3-PTC and BA, as post-deposition treatments.

In addition to optimization of the film deposition and ligand exchange strategies, we also propose
to increase the reproducibility of our conductivity measurements by using elastomeric stamps to
fabricate source-drain electrodes with a smaller interelectrode spacing. This method would utilize a
modified polydimethylsiloxane (PDMS) polymer as a soft stamp to transfer thermally evaporated gold
electrodes to the QD film surface. Figure 4.7 shows a proposed schematic of the electrode fabrication

and transfer process, adapted from previous work."”” In this proposed method, a slightly
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PDMS removed from Si
wafer; Au deposited via
evaporation through a
shadow mask

EIT —~ O — BT

PDMS poured onto Si
wafer and cured

Au electrodes transferred
to the substrate

Figure 4.7. Schematic of the proposed future electrode fabrication and deposition process. First, a
PDMS stamp is poured onto a smooth silicon wafer and cured using half of the typical amount of
crosslinking agent. Once cured, the PDMS stamp is removed from the silicon wafer, and gold
electrodes are deposited by thermal evaporation through a prefabricated shadow mask. Finally, the
stamp is pressed onto the substrate to transfer the electrodes onto the surface of the QD film.

“undercooked” PDMS stamp is prepared on a silicon wafer by using about half the amount of
crosslinking agent recommended by the manufacturer. Once cured, this soft stamp becomes a
substrate for thermal evaporation of gold through a shadow mask, which would allow us a high degree
of control over patterning, as well as precise formation of electrodes at smaller (0.1-100 pum) scales.
We hypothesize that a more standardized electrode fabrication with a smaller path length for the
charges to travel will decrease the likelihood of measuring conductivity across large film defects, and
allow for a greater number of measurements on a single film.

Although our results are preliminary, this work has demonstrated a clear trend towards improving
the conductivity of thin PbS QD films with an exciton-delocalizing ligand, CHs-PTC, relative to a
non-delocalizing ligand of similar molecular length and structure (BA). With the suggested
improvements outlined above, a future graduate student could make great strides towards a robust
publication-quality dataset.
4.5 Experimental Methods

PbS OD Synthesis and Purification. We synthesized PbS QDs (R = 1.8 nm) using a procedure adapted
from that reported by Hines and Scholes.” We added 2 mL. of oleic acid (OA), 18 mL of 1-octadecene

(ODE), and 0.36 g of PbO in a three-neck 50-mL round-bottom flask, and heated the mixture to
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150 °C with stirring under nitrogen flow for 30 min until the solution became clear and colotless.
After cooling the solution to 110 °C, we injected 8 mL of a hexamethyldisilathiane (TMS),S solution,
initially prepared by adding 0.17 mL of (TMS).S in 8 mLL of ODE, into the round-bottom flask. The
PbO reaction mixture went from colotless to dark brown ~3 s after injection of (TMS).S. We allowed
the QDs to grow for 10 min, and then submerged the flask in an ice bath until the reaction mixture
reached room temperature.

We purified the QDs by equally dividing the room-temperature PbS QDs dispersions into two
falcon tubes to which we added acetone in a 1:1 ratio by volume. The tubes were centrifuged at
3500 rpm for 5 min, which produced a brown pellet and a supernatant containing excess ODE. After
removing the acetone, we redispersed the pellets in a minimal amount of hexanes, added methanol in
2:1 excess (by volume), and centrifuged the tubes at 3500 rpm for 5 min. The methanol wash also
resulted in a brown pellet and a supernatant containing excess ligands and small nanocrystalline
clusters. We repeated the methanol wash a second time, centrifuged the mixture, dried the resulting

pellets over nitrogen, and redispersed them in chloroform to make stock solutions of PbS QDs.

Synthess of Ammonium CH;s-PTC. We synthesized the ammonium salt of CHs-PTC by adding two
equivalents of carbon-disulfide drop-wise to one equivalent of 4-methylaniline in a rapidly stirring
suspension of five equivalents of aqueous ammonium hydroxide (28-30%) at 0 °C, and stirring
overnight. We washed the resulting white powder with chloroform and hexanes and dried under N,
flow for several minutes.

Film Preparation and Ligand Exchange. We deposited monolayers of PbS QDs onto float glass slides
via self-assembly at the liquid-air interface. First, we sonicated the glass slides for five minutes in
methanol, followed by five minutes in acetone, to clean the surface. We gently dried the slides with a

stream of nitrogen and placed them inside 25-mL Teflon crucibles. We added 2-3 mL acetonitrile to



each crucible, and gently trickled 50 uL of 15 uM
PbS QDs in hexanes down the wall of the
crucible and allowed the QDs to spread across the
surface of the acetonitrile subphase. We allowed
the layer of QDs to equilibrate for 30-60 s before
injecting 1000 equivalents of PTC, dissolved in 50
uL acetonitrile, below the surface of the film. We
covered the crucible with a watch glass and
allowed the ligand exchange to proceed for 30
minutes.

To create a film with several monolayers, we
added additional 50 pL aliquots of PbS QDs and
PTC/acetonitrile solution as described above
until we reached the desired film thickness.

Ground  State  Absorption  Measurements. We
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Figure 4.8. Our electrochemlcal measurement
setup. A) Schematic of the PbS QD film on top
of a float glass substrate. We used conformal
electrodes fabricated from a eutectic of gallium
and indium (EGain) templated by PDMS. We
applied a potential across these electrodes and
measured the resulting current across the film, for
PbS QD films treated with different ligands. B)
Top and C) bottom views of the EGaln
electrodes on top of a QD film. Adapted from
McPhail e al

acquired ground state absorption spectra on a Varian Cary 5000 spectrometer. The spectrometer was

fitted with an integrating sphere so that we could measure the films directly. We corrected the baselines

of all spectra with a virgin glass slide prior to measurement.

Electrode Fabrication. We prepared 2 mm diameter, circular eutectic gallium-indum (EGaln) source

and drain contacts with a 1 mm intercontact separation set in 6 mm diameter polydimethylsiloxane

(PDMS) disks. These PDMS disks provided a template to hold the conformal EGaln contacts within

a well-defined contact area and separation distance; the electrometer’s source and drain leads contacted

the QD film directly through this EGaln (Figure 4.8).°



125

Conductivity Measurements. We performed all electrical measurements using a Keithley 6430 Sub-
Femtoamp Remote SourceMeter controlled by a custom LabView 8.0 Virtual Instrument console. For
photoresponse studies, we globally illuminated the film at 532 nm with a Thorlabs CPS 532 laser diode
passed through a 20° square beam diffuser to produce 1 mW/cm® power density. All sample
preparation and measurements were carried out under dry nitrogen atmosphere to prevent
photooxidation of the film.’

Scanning Electron Microscopy. We performed field-emission scanning electron microscopy (FE-
SEM) using a Hitachi SU8030 microscope with a 20 keV accelerating voltage and a 10 pA emission
current. We prepared QD films as described above, except that p-type Si < 100>/SiO2 wafers were

used instead of glass slides.
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5 INCREASED YIELD OF HOLE
TRANSFER FROM CDS QDS TO A
TETHERED ZINC
PHTHALOCYANINE WITH AN
EXCITON-DELOCALIZING LINKER

Adapted From: Harris, R.D.; Lian, S.; Weiss, E.A. Increased Yield and Rate of Hole Transfer from

CdS QDs to a Tethered Zinc Phthalocyanine with an Exciton-Delocalizing Linker. Unpublished

work.

5.1 Chapter Summary

This chapter describes the wuse of a strongly exciton-delocalizing linker, N-4-
pyridinylcarbamodithioate, to improve the hole extraction efficiency from a photoexcited cadmium
sulfide quantum dot (CdS QD) to a tethered zinc phthalocyanine acceptor relative to a moderately
delocalizing linker, 4-mercaptopyridine. We selectively photoexcite the CdS QDs, and subsequently
observe the appearance of a positive peak at 500 nm, which corresponds to the radical cation of zinc
phthalocyanine. Although these results are promising, they are not yet definitive since we have yet to
obtain transient absorption data from QD-linker and zinc phthalocyanine control samples. Future
work on this project will involve optimizing the solvent or hole acceptor to achieve consistent

solubility over time for all of our samples, in order to obtain these control spectra.
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5.2 Introduction

This chapter describes the potential improvement in hole transfer (hT) yield and rate from a
photoexcited cadmium sulfide quantum dot (CdS QD) to a zinc phthalocyanine (ZnPc) using an
exciton-delocalizing molecular linker, N-4-pyridinylcarbamodithioate (pyr-NCS;). The strongly
delocalizing dithiocarbamate functionality should allow us to achieve a greater yield and rate of hole
transfer relative to a moderately delocalizing linker, 4-mercaptopyridine (pyr-SH).

The use of QDs for applications such as photocatalysis or solar electricity generation requires the
efficient separation of the exciton into an electron and hole. To reduce the probability of charge carrier
recombination, these two charge carriers must be extracted on similar timescales. Due to the larger
effective mass of the photoexcited hole, it tends to be the rate-limiting step (occurring at 10s of
nanoseconds to 100s of picoseconds)'”"” in charge transfer processes as opposed to electron transfer
(which occurs at 10s of picoseconds to 10s of femtoseconds).”*"* Increasing the rate of hole transfer,
therefore, is more likely to reduce the incidence of charge carrier recombination.

In a previous paper, we demonstrated that phenylene bis(dithiocarbamate) (PBDT) linkers can be
used to improve the yield of electron transfer from a photoexcited zinc porphyrin to a CdSe QD by
increasing the number and proximity of porphyrin molecules bound to the QD surface.” Since
PBDTs and their derivatives, such as phenylditiohcarbamate (PTC), are known to delocalize the
excitonic hole, however, their use in improving electron transfer did not capitalize on their exciton-
delocalizing properties to improve charge transfer. Our group’s previous work on PTC-capped QDs
established that PT'C predominantly affects confinement of the hole, and should thereby improve hT
via a delocalization mechanism.*>*>'**

In another previous study, we used a covalently bound linker-hole acceptor system to show that a

dithiocarbamate delocalizing linker will increase the rate of charge transfer to a phenothiazine hole
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acceptor by a factor of 20 relative to a carboxylate non-delocalizing linker.'” In our system, we increase
the yield and rate of hT using a dative linkage, which allows for increased flexibility and adaptability
in the design and fabrication of QD-based devices where alternative or multiple molecular redox
partners are desired.

In this work, we chose ZnPc as the hole acceptor because (i) it has the appropriate HOMO and
LUMO energies for favorable hole transfer from a QD donor, and (ii) ZnPc and its radical cation
possess optical features that do not interfere with absorption of CdS QDs. A number of studies have
utilized phthalocyanines as photosensitizers for charge or energy transfer processes.”” ! Arvani ez al.
studied hT between QDs and zinc phthalocyanines, but this study did not examine the effect of surface
chemistry on the yield and rate of h'T within QD-molecule complexes.”” We will use surface chemistry
to our advantage to optimize the hT process, and facilitate hT from the QD to the phthalocyanine
acceptor.

We exchanged oleate-capped CdS QDs with increasing amounts (up to 100 added molar
equivalents) of either pyr-NCS; or pyr-SH, and quantified the decrease in quantum confinement of
the QDs using ground state absorption spectroscopy. We use the quantity “AR,” the apparent increase
in QD excitonic radius, to describe the reduction in quantum confinement.

After treatment with either pyr-NCS; or pyr-SH, we added 100 equivalents of ZnPc to form
donor-linker-acceptor complexes, CdS-NCS,-ZnPc and CdS-SH-ZnPc, respectively. For the CdS-
NHCS:-ZnPc complex, we used transient absorption (T'A) spectroscopy to photoexcite the CdS QDs
at 420 nm, slightly red of their band edge absorption. We subsequently observed a signal at 500 nm,
which we believe indicates hole transfer (h'T) via the formation of the ZnPc radical cation (ZnPc™),

the oxidized form of ZnPc. Due to issues maintaining solubility of the ZnPc in our solvent, DCM, we
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were unable to obtain the corresponding spectra for CdS-SH-ZnPc or ZnPc alone. We address these
challenges in the future work section below.

This work is the first to demonstrate the use of a non-covalent, hole-delocalizing linker ligand to
improve the rate and yield of hole extraction from a photoexcited QD. The use of QD linker ligands,
as opposed to covalently linking the ligand to the QID’s molecular redox partner, allows ligand-treated
QQDs to be used as photosensitizers for a wide array of charge transfer partners for photovoltaic or
photocatalytic applications.

5.3 Experimental

Synthesis and Purification of CdS Quantum Dots. We synthesized oleate-coated CdS QDs with R
= 1.9 nm by adding 90% technical grade oleic acid (2.2 mL, 6.95 mmol), 90% technical grade
octadecene (7.0 mL, 21.9 mmol), and cadmium oxide (0.180 g, 1.40 mmol) to a dry, three-neck round
bottom flask, and heating the reaction mixture to 260 °C under an N, atmosphere with vigorous
stirring. Once the solution became clear, we injected elemental sulfur (0.032 g, 1 mmol) dissolved in
2 mL of octadecene and allowed the QDs to grow for three minutes at 250 °C.

In order to extract the unused cadmium precursor, we added an equal volume of a 1:1 (v:v) mixture
of CH3;0H and CHCI; to the QD colloidal dispersion and centrifuged the mixture at 3500 RPM for
five minutes. The cadmium precursor separated into the bottom CH;OH:CHCI; layer, while the QDs
remained in the top layer of octadecene. We decanted this top layer, precipitated the QDs by the
addition of ~8 mL. acetone and centrifugation, discarded the supernatant, and redispersed the QDs in
hexanes. We filtered the final redispersed solution using 0.45-um syringe filters to remove any
remaining aggregated QDs.

Synthests of the Triethylammoninm Salt of N-4-pyridinylecarbamodithioate (pyr-NCS). We synthesized pyt-

212

NCS; using a procedure adapted from Knott.”* We dissolved 4-aminopyridine (1.2 g, 12 mmol) in



130
7.5 mL hot pyridine (~80 °C) in a 50-mL 3-neck flask. The solution was cooled to ~35 °C, and carbon
disulfide (0.83 mL, 14 mmol) and triethylamine (2.0 mL, 14 mmol) were added. After ~16 h of gentle
stirring, a pale orange solid formed in the flask. We then added 25 mL diethyl ether and gravity filtered
the solid. We washed the solid with cold ethanol and dried it under nitrogen to obtain a light orange
powder, which we stored in the freezer until use. "H NMR (500 MHz, Methanol-d;) & 8.30 (d, 2H),
8.10 (d, 2H), 3.62 (q, 2H), 1.18 (t, 3H); "C NMR (126 MHz, Methanol-d;) § 219.38, 160.15, 144.03,
116.33.

Ligand Exchange Procedure for the Formation of QD-ZnP Complexes. We performed ligand exchanges in
dichloromethane (DCM) using methanol (MeOH) as a co-solvent for the ligand. We prepared 1-uM
solutions of oleate-capped CdS QDs in DCM by diluting the appropriate amount of our stock
solution. Then, we prepared 0.01-M solutions of our ligands in MeOH and added the desired volume
of ligand to each sample. We also added the appropriate quantities of neat MeOH to each sample,
such that each sample had the same amount of DCM and MeOH with varying amounts of ligand. We
stirred the samples for 20 minutes to allow the system to come to equilibrium.

Steady State Absorption and Photoluminescence Spectroscopy. We acquired ground state absorption spectra
of all samples on a Varian Cary 5000 spectrometer. We recorded the emission spectra of the samples
with a Fluorolog-3 spectrofluorometer (Horiba Jobin Yvon). All spectra were recorded in a quartz
cuvette with a 2-mm path length. We corrected the baselines of all spectra with neat solvent prior to
measurement.

Transient Absorption Spectroscopy. All TA spectra were obtained on samples dispersed in degassed
DCM in 2-mm quartz cuvettes with stirring. Our TA setup is described elsewhere.

Spectroelectrochemical Measurements. We performed spectrolectrochemistry on ZnPc in a 0.1M

solution of tetrabutylammonium hexafluorophosphate as the supporting electrolyte in
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Figure 5.1. Schematic of the QD-linker-ZnPc

conjugates employed in this study and
photoinduced hT scheme. The QD is selectively
excited at 430 nm, and subsequently transfers a
hole to the ZnPc. We refer to these complexes as

“CdS-NCS,-ZnPc” and “CdS-SH-ZnPc” in the
text.
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dichloromethane observe the

DCM) to
electrochemical formation of ZnPc™. We used an
indium tin oxide working electrode, platinum wire
counterelectrode, and silver wire
pseudoreference. We applied a positive 0.8 V
potential and obtained ground state absorption
spectra of the solution over time, from 0-75
minutes.
5.4 Preliminary Results and Discussion
Figure 5.1 shows a schematic of the donor-
linker-acceptor system used in this study. The
donor is CdS QDs with a radius of 1.9 nm, the
acceptor is ZnPc, and they are linked together by
a pyridine derivative with a head group that is
cither (i) strongly delocalizing, in the case of pyr-
NCS,, or (if) moderately delocalizing, in the case

of pyt-SH. ZnPc is known to coordinate to only

a single pyridine ligand in these types of

complexes, so the overall coordination number of the Zn is five.””

Figure 5.2 shows the ground state absorption spectra of CdS QDs, ZnPc, and a mixture of the

two species in dichloromethane (DCM), as well as ZnPc with 50-150 molar equivalents of either the

pyr-SH or pyr-NHCS; linkers and the QD-linker-ZnPc complexes. The spectrum of the CdS QDs is

shown in black, and has a first excitonic absorption peak at 414 nm (R = 1.9 nm). The absorption



132
spectrum of ZnPc only is shown in blue, and a mixture of CdS QDs with ZnPc is shown in navy. The
band edge of these QDs has minimal overlap with the absorption of the ZnPc Soret band, so we are
able to photoexcite our QDs selectively.

We also show the ground state absorption 4

spectra for ZnPc mixed with both of our ligands, CdS-NHCs,-ZnPc

pyr-SH (teal-light green) and pyr-NHCS; (violet-

maroon), as well as the fully linked CdS-linker-

Absorbance (AU)
N

ZnPc complexes (lime and red for pyr-SH and

pyr-NHCS,, respectively). When exchanged with ZnPc

these ligands, the band edge of the QDs 300 400 500 600 700
Wavelength (nm)

undergoes a bathochromic shift to ~420 nm. We Figure 5.2. Ground state absorption spectra of
the CdS QDs (black), ZnPc (blue), a mixture of
observe a decrease in exctinction coefficient of CdS QDs with 250 molar equivalents of ZnPc
(navy), ZnPc with 50-150 molar equivalents of
the ZnPc upon complexation with both pyr- pyr-SH (teal-light green), CdS-SH-ZnPc (lime
green), ZnPc with 50-150 molar equivalents of
NHCS; and pyr-SH, but no other optoelectronic pyr-NHCS, (violet-maroon), and CdS-NHCS;-
ZnPc (red). Spectra have been vertically offset for
effects. clarity.

In order to link the ZnPc hole acceptor to the QDs, we first performed ligand exchanges with
either (i) pyr-INCS; or (ii) pyr-SH to replace some of the native oleate ligands on the QD surface. Both
of these ligands induce a bathochromic shift in the first excitonic absorption peak of the QDs, Figure
5.3A. When we added more than 100 equivalents of our ligands, we observed aggregation of the QDs.
To obtain a reliable AR for these samples, we collected an absorbance spectrum before and after
filtering the QD-ligand mixtures through a 0.2 pm PTFE membrane, and rely on the peak position of

the post-filtration spectrum to calculate AR. We show only the normalized spectra of filtered samples

in Figure 5.3A. The increase in excitonic radius, in this case, should be due only to QD-ligand
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Figure 5.3. A) Normalized ground state
absorption spectra for CdS QDs exchanged with
50-200 equivalents of pyr-NCS; (shades of red)
and pyr-SH (shades of blue). B) Plot of AR, the
apparent increase in excitonic radius, as a function
of added ligand (pyr-NCS; or pyr-SH). The points
and error bars correspond to the average and
standard  deviation, respectively, of three
identically prepared samples of oleate-capped CdS
QDs exchanged with one of these ligands. For the
same quantity of ligand added to the CdS QDs,
the pyr-NCS; delocalizes the QD exciton to a
greater degree than pyr-SH. To obtain these AR
values, we took the average first excitonic peak of
six blank CdS QD samples, and used this peak
position as Risi.. The value of AR is equal to R-Ria,
where R is calculated from A.s using the
calibration curves from Yu ef al*
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coupling and not aggregation of the QDs. In
order to successfully synthesize the full CdS-
linker-ZnPc complexes, we add no more than 100
molar equivalents of each linker ligand.

We quantify the extent of this bathochromic
shift using the parameter AR (R-Riu), the
apparent increase in excitonic radius, which we
determine by converting the position of the first
excitonic peak of the QDs from Au to excitonic
radius R using experimentally derived calibration
curves from Yu e al* Figute 5.3B shows a plot
of AR vs. the number of added molar equivalents
of pyr-NCS; (red) or pyr-SH (blue). The Riqi value
used for 50, 100, 150, and 200 molar equivalents
of added ligand in this plot is the average of six
blank CdS QD samples. The points at zero added
equivalents of ligand on this plot arise from
performing the R-Riy calculation for each
individual sample relative to this average. The
points and error bars correspond to the average
and standard deviation, respectively, of the AR of
three identically prepared mixtures of CdS QDs

and added ligand.



The points at 25 and 75 added equivalents
were obtained on a different day, so for these
points, the Rinic value used is the average of three
blank CdS QD samples prepared at the same
time. The AR points and error bars are calculated
as described above.

From this plot, we see that, while both pyr-
NCS; and pyr-SH cause a bathochromic shift in
the first excitonic absorption peak of CdS QDs,
pyr-NCS: delocalizes the exciton to a greater
extent. We therefore expect more efficient hole
transfer from the QD to the ZnPc using the pyr-
NHCS; linker.

We attempted TA experiments to show the
formation of the oxidized form of ZnPc, ZnPc ™,
upon selective excitation of the CdS QD. The full
TA spectra from 1-2000 ps are shown in Figure
5.4A. The bleach at 606 nm corresponds to direct
absorption by the Q-band of ZnPc. The large
absorption feature at 450 nm and below is due to
the excitation wavelength at 420 nm.

Upon direct excitation of the QD, we observe
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Figure 5.4. A) Full TA spectra of the CdS-
NHCS,-ZNPc complex from 1-2000 ps after
excitation at 420 nm. The bleach at 606 nm
corresponds to direct absorption of the ZnPc Q-
band. The peak at 500 nm appears to correspond
to the oxidized form of ZnPc, ZnPc™. The large
absorption below 450 nm is from the excitation at
420 nm. B) Spectroelectrochemistry of ZnPc in
DCM, with an applied potential of + 0.8 V vs. Ag
(pseudoreference). The gradient from black to red
shows an increase in time (0-75 minutes). Over
time, the Soret and Q-band of neutral ZnPc (325
and 680 nm, respectively) decrease, and we
observe the appearance of a peak at 500 nm,
which corresponds to the radical cation of ZnPc.’

a positive peak at 500 nm that decays over time. We compare this signal to our spectroelectrochemical
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data, Figure 5.4B. We applied a +0.8 V potential relative to a silver wire pseudoreference, and
observed the evolution of a peak at 500 nm. This evidence, as well as evidence from the literature,’
indicate possible rapid hole transfer from the photoexcited QD to the ZnPc using a pyr-NHCS; linker.
5.5 Conclusions and Future Work

Thus far, we have established that the oxidized form of ZnPc, ZnPc™", has an optical signal at 500

nm. Direct excitation of CdS QDs in our CdS-NHCS,-ZnPc complex shows a positive signal at this
wavelength, but more control experiments are necessary to verify the formation of this species, as well
as to determine the relative efficiencies of photoinduced hole transfer for both pyr-SH and pyr-NHCS;
linkers. For these experiments to be successful, we must first address the issue of solubility of the
ZnPc and its complexes with QDs.
5.5.1. Alternatives to DCM. ZnPc is only marginally soluble in our chosen solvent, DCM. While the
achievable concentration of ZnPc is sufficient for electrochemical and spectroelectrochemical anaylsis,
its instability at the concentrations necessary for transient absorption spectroscopy poses a problem.
Solubility studies conducted on ZnPc indicate that more polar solvents, such as DMSO, might
solubilize the ZnPc more effectively.”* Unfortunately, our attempts at electrochemical oxidation of
the ZnPc in DMSO were unsuccessful, likely because the DMSO donates an electron as soon as the
ZnPc™ is formed.””

Additionally, we must also consider the solubility of the CdS QDs, which are primarily capped
with nonpolar oleate. Ligand exchanges are possible to being the QDs into a more polar solvent, but
as we observed with DMSO, polar solvents with basic character do not allow for cation formation.
Of the solvents studied by Ghani e 4/, the only nonpolar, nonbasic solvent in which ZnPc is
measurably soluble is anisole.”* Immediate next steps would include electrochemical oxidation of

ZnPc in anisole to observe formation of the radical cation species, as well as exchanges of the CdS
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QDs with both of our linker ligands in this solvent. If the solubility of our CdS-linker-ZnPc complex
can be maintained in anisole, we hope to perform transient absorption studies on both complexes, as
well as QD-linker and ZnPc by themselves as controls.
5.5.2. Chemical Functionalization of ZnPc. If the unsubstituted ZnPc still cannot be solubilized
using anisole, we propose to modify it chemically to increase the solubility in nonpolar solvents such
as DCM. This would be accomplished by either addition of thiobutyl or butoxy functional groups to

the outer rings of the ZnPc, according to procedures detailed by Kobayashi e a/.*'°
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6 CONCLUSIONS AND OUTLOOK

6.1 Dissertation Summary

This dissertation describes the exchange of native, electronically insulating ligands on QD surfaces
for ligands that decrease the energetic barrier to quantum confinement. In Chapter 2, we introduced
the characterization of the QD ligand shell using NMR. We discussed two instances of correlating
QD photoluminescence with surface chemistry: i) the increase in PLQY of CdSe QDs with added
PTC, and ii) the relatively constant PLQY of CdS QDs upon desorption of cadmium oleate from the
surface.

In Chapter 3, we described the quantification of 4-hexylphenyldithiocarbamate (C6-PTC) on the
surface of CdS QDs by '"H NMR. In this study, we determined the relationship between the number
of delocalizing ligands bound to the QD surface, and the degree of delocalization experienced by the
exciton. This relationship, in which an increasing amount of delocalization occurs per bound (C6-
PTC) as surface coverage increases, is heavily influenced by the packing geometry of the delocalizing
ligands on the surface. Simulations of tightly packed and spread-out delocalizing ligands on a QD
surface showed that, for the same percent surface coverage, the tightly packed ligands induce a greater
degree of exciton delocalization than spread-out ligands.

The focus of this dissertation shifted in Chapter 4 to the fabrication of thin films of PbS QDs
treated with either a delocalizing ligand, 4-methylphenyldithiocarbamate (CH;-PTC), or a non-
delocalizing ligand of similar length, benzoic acid (BA). We found that CH;-PTC does improve the
conductivity of films relative to BA, but our analysis was hampered by the mechanical fragility of the
films. Improvements to film deposition and electrode fabrication have the potential to make the

difference in film performance with different ligand treatments even more apparent.
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Chapter 5 discussed the potential improvement in hole transfer efficiency from a photoexcited
CdS QD to a zinc phthalocyanine molecule using a strongly exciton-delocalizing linker molecule. We
are currently limited by solubility of the phthalocyanaine, but expect to achieve stronger evidence for
hole transfer improvement upon optimization of the solvent system.

Overall, this thesis combines quantitative NMR surface characterization and the use of exciton-
delocalziing ligands to improve the optoelectronic properties of QDs by decreasing the energetic
barrier to charge transfer. Both of these themes share the central idea of decreasing quantum
confinement of QDs by manipulating the surface chemistry, which has the potential to lead to
interesting ideas for rational design of functional nanomaterials based on strongly coupled quantum
dot-ligand complexes.

6.2 Future Directions and Outlook

The effects of ligand adjacency on their ability to delocalize a QD exciton could be investigated
further by attempting to create different spatial arrangements of ligands experimentally on the QD
surface. Experimental verification of the greater delocalizing ability of tightly packed patches of
delocalizing ligands relative to evenly distributed ligands, and even tuning the degree of phase
segregation on the QD surface, would provide additional confirmation of ligand adjacency effects.
The degree of phase segregation on the QD surface could be driven by the chemical functionalization
of the PTC ligand with different substituent lengths, degrees of fluorination, branching, or phenyl
functionalization,”” and could be characterized by 1D and 2D NMR.*"®

The ability to direct the degree of ligand adjacency in order to control the amount of delocalization
would be a unique new capability to expand the “toolbox” of rational design of hierarchical materials.
The work performed in this dissertation provides the foundation for further development of this

capability.
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In Chapter 4, where we utilized an exciton-delocalizing ligand to improve the conductivity of thin
films of PbS QDs, we can improve the mechanical properties of the films using spin-coating rather
than layer-by-layer deposition. We also propose the use of crosslinking analogues for CH3-PTC and
BA for additional durability.

In addition, we put forth a different procedure for electrode fabrication involving templated Au
stamps, which will decrease the distance between source and drain electrodes and minimize the
chances of measuring conductivity across a crack in the film.

Finally, we aim to improve the yield and/or rate of hole transfer from a photoexcited CdS QD to
a tethered zinc phthalocyanine hole acceptor. Improvements in solubility of the zinc phthalocyanine
will be made by changing the solvent system from dichloromethane to anisole, or »iz chemical
functionalization of the outer rings of the phthalocyanine. Improving hole transfer to a redox partner
through exciton delocalization is one of the major pathways towards eliminating charge

recombination.
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