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his paper describes a study of the rate
Tof photoinduced electron transfer
(PET) from colloidal CdSe quantum
dots (QDs) to poly(viologen) (PV) within a
thin film upon resonant photoexcitation of
the QDs. Ultrafast transient absorption mea-
surements reveal that the length of the
ligands coordinated to the QD surfaces
dictates the rate of the PET process. Films
comprising PV and CdSe QDs coated with
mercaptocarboxylic acids, HS-(CH,),-COOH,
with n = 1—7 have average PET time con-
stants of less than 10 ps and quantitative
yields of PET. In contrast, films comprising
CdSe QDs coated with longer ligands (n =10
and 15) exhibit photoexcited electron life-
times that are comparable to those ob-
served in the absence of PV. We' and
others>™> have previously demonstrated
that molecular viologens in solution can
accept electrons from photoexcited CdSe
and CdS QDs in the sub-10 ps time scale.
These studies, and others quantifying the
rates of PET from cadmium and lead chal-
cogenide QDs to redox-active species in
solution (such as anthraquinone,® organo-
metallic complexes,” and TiO, colloids®~'°),
point to the binding equilibrium,’ the en-
ergetic alignment of the frontier orbitals of
the QD and the charge acceptor,”'® the
thickness of an inorganic shel,*®'" and
the length of the linker between the QD
and the redox species'? as key factors con-
trolling the rate of PET. Mechanistic analysis
of PET between QDs and redox partners
embedded in a solid matrix has received
less attention than the solution case, de-
spite its clear importance in solar energy
conversion,'® photodetection,™ and light-
emitting'® technologies. The present work
is the first to report PET between QDs and a
solid-state polymeric viologen.
The variables affecting photoinduced
charge separation in solution and films are
not necessarily the same: in a film, the
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ABSTRACT

poly{viologen)

This paper describes a study of the rates of photoinduced electron transfer (PET) from CdSe

quantum dots (QDs) to poly(viologen) within thin films, as a function of the length of the

ligands passivating the QDs. Ultrafast (<10 ps), quantitative PET occurs from CdSe QDs coated
with HS-(CH,),-COOH for n = 1, 2, 5, and 7 to viologen units. The observed decrease in the

magnitude of the PET rate constant with n is weaker than that expected from the decay of the

electron tunneling probability across extended all-trans mercaptocarboxylic acids but well-

described by electron tunneling across a collapsed ligand shell. The PET rate constants for films

with n =10 and 15 are much slower than those expected based on the trend for n = 1—7; this

deviation is ascribed to the formation of bundles of ligands on the surface of the QD that make

the tunneling process prohibitively slow by limiting access of the viologen units to the surfaces

of the QDs. This study highlights the importance of molecular-level morphology of donor and

acceptor materials in determining the rate and yield of interfacial photoinduced electron

transfer in thin films.

KEYWORDS: CdSe quantum dot - photoinduced electron transfer -
intermolecular structure - poly(viologen) - layer-by-layer deposition - transient

absorption

dynamic binding equilibrium between donor
and acceptor is irrelevant, but the area
of the donor/acceptor interface, which is
determined by the deposition technique
and phase segregation,'®'” is critical. While
small-molecule redox partners in solution-
phase systems can penetrate the ligand
shell of the QD to achieve a PET-active
configuration,®® this penetration may not
be possible in dry films, especially with a
conformationally constrained polymeric
redox partner such as the poly(viologen)
studied here. In the solid-state case, there-
fore, the length of the ligands capping the
QD, and their intermolecular structure
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Figure 1. (A) Structure of the mercaptocarboxylic-acid-
coated QDs used in this work. (B) Structure of the polymers
used in this work. (C) TEM image for CdSe-C10. (D) Scheme
of multilayer films of CdSe QDs coated by mercaptocar-
boxylic acids and PV on glass substrates (the (PSS/PDDA),
adhesion block is not shown in the scheme). Photoinduced
electron transfer from the CdSe to the PV (green arrow)
occurs upon selective illumination of the QDs.

within the capping monolayer, dictates the size and
shape of the barrier for electron tunneling and deter-
mines the PET rate.

In this work, we demonstrate the importance of the
nanoscopic morphology of the redox partners in deter-
mining the PET rate between CdSe QDs and poly-
(viologen) in layer-by-layer self-assembled films. Layer-
by-layer-deposited films of redox polymers and QDs of
different materials have been previously proposed as
active layers in solar cells.'®'® We systematically study
the rate of PET with transient absorption spectroscopy
as a function of the length of the ligands passivating the
QDs and show that the PET time constants cannot be
predicted by a model that describes electron tunneling
through all-trans-extended ligand molecules, the type
of model that is appropriate in the case of a conforma-
tionally rigid organic shell'® or an inorganic shell.>%"!
We derive instead a simple quantitative model of PET
that is based on the description of the ligand shell as a
fluid and compact layer. On the basis of the results
obtained by thorough characterization of the films
using complementary techniques (tapping-mode AFM,
XPS, ATR-FTIR, and UV—vis spectroscopy), we discuss
how this molecular organization impacts the electron-
transfer kinetics across the QD/PV interface.
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Figure 2. (A) Absorption spectra of the CdSe-C1 QDs in
aqueous solution. (B) Absorption spectra of (PDDA/PSS),-
(PV/CdSe-C1),PV, and (PDDA/PSS),(PDDA/CdSe-C1);PDDA
films on glass slides (only one side of the substrate is
covered by the film). (C) Spectra for (PDDA/PSS),(PV/CdSe-
C1)4PV film immersed in water (black line) and after reduc-
tion with a 10 mM Na,S,0, aqueous solution inside an
airtight cell purged with nitrogen (red line). The blue dashed
line is the difference between the spectra (the feature at
560 nm corresponds to V'),

RESULTS AND DISCUSSION

Synthesis and Characterization of the CdSe QDs and PV Redox
Centers and the Layer-by-Layer Films. Figure 1A,B shows
diagrams of the QD and poly(viologen) (PV) building
blocks of the multilayer assemblies. We prepared
water-soluble CdSe QDs by exchanging the alkyl-
phosphonate?® native ligands of organic-soluble
CdSe QDs synthesized via an organometallic route
with mercaptocarboxylic acids, HS-(CH,;),-COOH, of
a series of lengths, n =1, 2, 5, 7, 10, and 15 (all
samples of water-soluble QDs were prepared from
the same synthetic batch of organic-soluble QDs).
The Experimental Methods section gives details of
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TABLE 1. Position of the First Excitonic Peak, Cd:S and Cd:Se Atomic Ratios and Calculated Ligand Surface Coverages for
CdSe-Cn QDs in Solution?

sample position of the excitonic peak Cd:Se (EDS”) Cd:S (EDS?) (d:Se (XPS) d:S (XPS) ligand surface coverage/chains-nm 2 ¢

(dSe in hexanes 549.7 1.8 £0.2 na nd na na

(dSe-C1 5533 1.8 £ 0.1 1.6 £ 0.1 1.63 1.86 56 + 04
(dSe-C2 550.7 1.5+ 0.1 23+£04 nd nd 39+£07
(dSe-C5 549.1 1.1+04 21409 nd nd 43+19
(dSe-(7 549.0 12 £ 0.1 20403 1.52 1.82 44+ 06
(dSe-C10 554.4 19402 13402 nd nd 6.7 0.8
(dSe-C15 551.1 1.7 £ 04 15+03 1.81 1.36 5811

“na, not applicable; nd, not determined. % Determined from TEM/EDS measurements on CdSe-Cn QDs. © Determined from XPS measurements on PV/CdSe-Cn films. ¢ Calculated

from EDS Cd:S ratio, assuming spherical shape and .. = 1.5 nm; see Supporting Information.

the QD synthesis and ligand exchange. Hereafter,
we will refer to the water-soluble QDs as CdSe-Cn,
where n is the number of methylene spacer groups

Delay time / ps|

in the mercaptocarboxylic acid ligand. Figures 1C

and 2A show a representative transmission electron % -0.004 4 :gg
micrograph (TEM) image and an absorption spec- 1 _1:2
trum of the CdSe-Cn QDs, respectively. Table 1 lists s —25

the positions of the first excitonic peak for CdSe-Cn, -o.ooa: —31

n = 1-15 (Figure S1 in the Supporting Information | ::‘tiggo
shows the absorption spectra for these samples) -0.0104 2885

and the elemental composition measured by en-
ergy-dispersive spectroscopy (EDS) within the TEM.
We observed no systematic trend between n and
the Cd:Se ratio, the Cd:S ratio, or the first excitonic
peak position; we therefore ascribe the sample-to-
sample variation of these quantities to synthetic
variability and/or experimental error in the charac-
terization, rather than to an effect of the length of
the ligands. We synthesized poly(p-xylyl viologen)
(PV) following a previously published synthesis®'
and characterized it with "H NMR, UV—vis spectros-
copy, and spectroelectrochemistry (see Supporting
Information).

We prepared QD/PV films (Figure 1D) by layer-by-
layer (LbL) self-assembly**~2* on clean glass sub-
strates that we modified with a (PDDA/PSS), adhe-
sion layer. The thickness of a representative film,
(PDDA/PSS),(PV/CdSe-C2)¢PV on glass, measured by
AFM, was 56 £ 10 nm. In addition to PV/CdSe-Cn
films, we prepared films using the non-redox-active
polycation poly(diallyldimethylammonium) (PDDA)
in place of the PV as control samples where PET is
not feasible. The LbL method produces homoge-
neous large-area films with high optical quality (see
Figure S2 in the Supporting Information) that are
well-suited for spectroscopic studies and allows
fine intermixing of the components,'® which is desir-
able for efficient PET. Films prepared in this study
comprise between three and six PV/CdSe-Cn or
PDDA/CdSe-Cn bilayers. For a given system, we did
not observe any correlation between thickness and
the normalized kinetic traces from the transient ab-
sorption experiments.
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0,000

0.002{°

500 550 600 650

Wavelength / nm

Figure 3. Transient absorption spectra for a (PDDA/PSS),-
(PDDA/CdSe-C1);PDDA film at different pump—probe delay
times. The negative feature is the ground-state bleach (B1)
of the QDs; this feature recovers due to depopulation of
the 1S, state from electron trapping and electron—hole
recombination.

Figure 2B shows representative ground-state ab-
sorption spectra for PV/CdSe-Cn and PDDA/CdSe-Cn
LbL films. In both cases, the spectra of the films
resemble that of the isolated QDs since neither of the
polycations absorbs light in the visible range (Figure S3
in the Supporting Information shows the absorption
spectrum of isolated PV). We also acquired ground-
state absorption spectra of the PV/CdSe-Cn films be-
fore and after chemical reduction with a 10 mM
Na,S,0, solution under inert atmosphere (Figure 2C).
The difference spectrum reveals a broad absorption
band with a maximum at 560 nm and a shoulder at
610—620 nm; these features correspond to the re-
duced viologen species.?>?° This band is also apparent
in electrochemically reduced films (Figure S6 in the
Supporting Information). We used XPS to analyze the
composition of the films. The Cd:S and Cd:Se ratios for
PV/CdSe-Cn films are similar to those observed for the
CdSe-Cn nanoparticles by EDS/TEM (Table 1); thus
neither ligand desorption nor etching occurs during
the LbL deposition.

Electron Transfer Occurs from Photoexcited (dSe QDs to PV.
Figures 3 and 4 show chirp-corrected transient
absorption (TA) spectra at different delay times for
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Figure 4. (A) Transient absorption spectra for a (PDDA/
PSS),(PV/CdSe-C1),PV film for different pump—probe delay
times between 0.4 and 2.5 ps. (B) Same plot as in A for
pump—probe delay times between 2.5 and 2845 ps. (C)
Kinetic traces at the peak of the B1 feature (566 nm, the
trace was normalized and inverted) and at 670 nm
(normalized trace) for the experiment in panels A and B.

the PDDA/CdSe-C1 and PV/CdSe-C1 films, respectively;
the spectra of the PV/CdSe-C1 films are representative
of those for n=1—7.For delay times shorter than 0.5 ps,
these spectra are dominated by the ground-state
bleach (B1) feature at 565 nm, which results from
saturation of the 1S.—1S,3, interband optical
transition.?” In CdSe QDs, the amplitude of the B1
signal is directly correlated with the population of
electrons in the conduction band (1S. level) but is
insensitive to the hole population due to the near-degen-
eracy of the valence band states.”’~?° The B1 feature

TAGLIAZUCCHI ET AL.

Figure 5. (A) Transient absorption spectra at a delay time of
20 ps for PV/CdSe films made of QDs of different sizes. From
top to bottom, the position of the first excitonic peak is 554
(same as CdSe QDs as in Figures 3 and 4), 507, and 484 nm.
The CdSe QDs in these experiments are coated with mer-
captoacetic acid (n = 1). (B) Comparison between the
spectra of the reduced viologen obtained by chemical
reduction (blue line) and by photoinduced electron transfer
within TA experiments (black line, bottom spectrum in A).
The dashed vertical red line indicates the position of the
bleach for the CdSe-Cn QDs with the first excitonic peak at
554 nm.

decays completely in ~1 ps for the PV/CdSe-C1 film, while
in the absence of the PET decay pathway (PDDA/CdSe-C1
film), the bleach is present in the TA spectrum even for the
longest delay time under study (3 ns).

The TA spectra for PV/CdSe-C1 at delay times longer
than 04 ps also exhibit a broad, positive transient
feature at longer wavelengths than the bleach. The
dynamics for bleach recovery at 556 nm and formation
of the feature at 670 nm (Figure 4C) are anticorrelated;
this observation indicates that the 670 nm feature
corresponds to the reduced viologen (V'™) units in
the polymer, and that the depopulation of the CdSe 1S,
occurs through electron transfer to PV. There is some
convolution between the 670 nm feature and the
transient features of the QD; therefore, in order to
confirm this assignment, we acquired TA spectra for
PV/CdSe films prepared with QDs of different sizes (first
excitonic peaks at 484, 507, and 554 nm, Figure 5A).
Transient features from the QD shift to higher energy as
the size of the QD decreases, while the 670 nm feature
remains at the same energy; this evidence supports the
assignment of the 670 nm feature to V' *. The assign-
ment of the spectral features discussed above is further
supported by a principal component analysis of the TA
data (Figure $12 in the Supporting Information).

Figure 5B shows that the V'** feature in the TA
experiments (as shown in the TA spectrum for the
smallest QDs in Figure 5A) is shifted to lower energy
with respect to that of chemically (Figure 2C) or
electrochemically (Figure S6 in the Supporting
Information) reduced PV, such that this band overlaps
with the bleach of the CdSe-Cn QDs much less than
what it is expected from the chemical reduction ex-
periments. The bleach feature shown in Figure 5B
therefore never becomes positive and shows no ki-
netics after 2.5 ps (as would occur if it were contami-
nated with signal from PV). A probable explanation for
the origin of the hypsochromic shift of the reduced
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Figure 6. Representative normalized B1 traces for (PDDA/PSS),(PV/CdSe-Cn),PV films (red trace) and for (PDDA/PSS),-

(PV/CdSe-Cn),,,PDDA films (black curves, m = 4—6) withn=1-15
described in the text.

viologen band in the TA spectrum relative to that of the
chemically reduced PV is that the TA experiments are
performed on dry films, while the chemical/electro-
chemical reduction is done in aqueous solutions. The
molecular environments of PV in these two experi-
ments are very different in terms of local dielectric
constant, solvation, chain conformation, counterion
distribution and mobility, and/or intramolecular inter-
actions. For example, it has been reported that the
spectrum of a double-bridged viologen radical cation
embedded in polymer films has a maximum at 628 nm,
which is lower energy than that observed in the same
conditions for the monomeric benzylviologen radical

TAGLIAZUCCHI ET AL.

. Blue curves show the best fit with a sum of exponentials as

cation (604 nm).3° The authors explained the effect as a
delocalization of the radical electron for the viologen
dimer due to intramolecular m-interaction between
rings; these interactions are also likely to occur in PV
dry films but can be disrupted in solution due to
solvation of the viologen units.

Dynamics of Photoinduced Electron Transfer. Figure 6 dis-
plays the kinetic traces at the peak of the ground-state
bleach feature (B1) for a series of multilayer films,
PV/CdSe-Cn, withn =1, 2,5, 7, 10, and 15. For a given n,
we measured at least three separately prepared PV/
CdSe-Cn films; the plots show representative traces. In
the absence of PET, and in the low fluence regime
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(where the expectation value of biexciton formation is
negligible), the decay of the B1 signal occurs due to a
combination of electron—hole radiative and nonradia-
tive recombination and surface-mediated electron
trapping.>'3? In the case of the CdSe-Cn QDs used in
this study, radiative recombination is prevented by
picosecond-to-subpicosecond trapping of the exci-
tonic hole by the thiolate headgroups®® (CdSe-Cn
QDs do not luminesce in solution or films); in the
absence of a redox partner, the 1S, level is therefore
depleted by electron-trapping processes or nonradia-
tive recombination with a trapped hole. We henceforth
refer to the depopulation of the 1S, level by these
processes as “intrinsic electron decay”.

We fit the B1 kinetic traces for PDDA/CdSe-Cn (in
the absence of the PV electron acceptor) with a sum of
four exponential functions convoluted with the instru-
ment response function (four is the minimum number
of exponentials required to obtain randomly distrib-
uted residuals) (eq 1)

4

AA(t) = IRF® ) A,exp( —Ti) (1)

i=1 i

where A; and t; are the amplitude and the time
constant, respectively, associated with the ith expo-
nential function. The best-fit parameters (summarized
in Table 2 and Table S1 in the Supporting Information)
indicate no systematic trends in the time constants for
intrinsic electron decay for PDDA/CdSe-Cn films with n.
We also fit the B1 kinetic traces for PDDA/CdSe-Cn with
a sum of three stretched exponentials, but this fitting
function yields less consistent results, involves more
fitting parameters, and has a less clear physical inter-
pretation than the sum of four exponentials (see
Supporting Information).

Figure 6 shows that, for PV/CdSe-Cn with n = 1-7,
the B1 feature decays completely within 15 ps after
photoexcitation due to electron transfer to the PV. The
decay rate of the bleach is much faster for these films
than for films of PDDA/CdSe-Cn, in which electrons only
undergo intrinsic decay; the separation of time scales
between the rates of the PET process and the rates of
intrinsic electron decay allows us to obtain the PET time
constants by analyzing the B1 signal (Table 2 and Tables
S2 and S3 in the Supporting Information). The dom-
inance of the PET component in the B1 decay is evident
when considering that, after 5 ps, ~87% of the B1 signal
is still present for PDDA/CdSe-Cn, but only ~6% is still
present for the PV/CdSe-Cn multilayers (these numbers
are an average over all films with n = 1—7). We could,
alternatively, quantify the PET rate by fitting the dy-
namics of the reduced viologen signal,’ but this feature
has low signal-to-noise in the PV/CdSe-Cn spectra.

Figure 6 also shows that, for PV/CdSe-C10 and PV/
CdSe-C15, the decay of the B1 feature is much slower
than that for PV-CdSe-Cn with n = 1—7, and the signal

TAGLIAZUCCHI ET AL.

TABLE 2. Best-Fit Parameters Obtained from the Analysis
of the B1 Kinetic Traces in Figure 6 for PDDA/CdSe-Cn and
PV/CdSe-Cn Films with a Sum of Two or Four Exponentials
(eq 1)

PDDA/CdSe-Cn
n A, A, As A, Ti/ps Tolps T3/ps T4/ps
1 0.1 0.26 0.26 0.35 55 61.2 418 5755
2 0.08 0.22 0.26 041 9.1 86.1 551 8679
5 0.19 0.26 0.23 0.40 1.0 19.9 269 4354
7 0.14 0.22 0.22 0.43 13 254 288 5473
10 0.1 0.19 0.15 0.58 0.8 257 326 5808
15 0.12 0.14 0.19 0.56 1.0 256 359 6425
PV/CdSe-Cn
n A, A, As A, T1/ps Tolps T3/ps T4lps
1 1.26 0.17 0.42 13
2 1.51 0.06 0.37 25
5 1.02 0.22 0.63 22
7 0.92 0.25 0.83 78
10 0.21 0.25 0.28 0.24 33 275 222 2884
15 0.22 0.27 0.21 0.30 1.2 18.2 305 6072

from the V'™* units in the polymer is barely discernible
from the noise. In fact, for PV-CdSe-Cn (n = 10 and 15),
the dynamics of the B1 feature are very similar to those
observed for PDDA/CdSe-Cn with n = 10 and 15. We
cannot, therefore, separate the contribution of PET
from that of intrinsic electron decay in these films. In
the following analysis, we will present a mechanism for
the dependence of the PET rate on ligand length forn =
1—7 and propose an explanation for the slow PET rates
observed for n = 10 and 15.

Collapsed Ligand Shell Model for the Effect of Ligand Length
on the PET Rate (for n = 1—7). Two is the minimum
number of exponentials required to fit the B1 decay
traces for PV/CdSe-Cn with n = 1—7. The two exponen-
tials required to fit the B1 transients are probably an
approximation to the real multiexponential behavior of
the system rather than an indication of the presence of
two well-defined decay pathways or QD—viologen
subpopulations. The fact that a single exponential fails
to fit these transients reflects a heterogeneous distri-
bution of the PET rates. This heterogeneity can arise
from (i) an inhomogeneous distribution of donor—
acceptor geometries—that is, in the number of vio-
logens within a given tunneling distance,’ the viologen
orientation, and the distance of the viologen to
the CdSe surface; (ii) an inhomogeneous chemical
environment (local dielectric constant and charge
distribution); (iii) the presence of multiple PET path-
ways for a given viologen—CdSe configuration; (iv) the
heterogeneity of the QD sample (surface chemistry,
shape, and size); or (v) (most likely) a combination of all
of these factors. Fitting the traces with a single
stretched exponential yields a similar ligand length
dependence of the time constants (see Figure S9in the
Supporting Information). We chose to use the sum of
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Figure 7. Plot of the logarithm of the intensity-averaged
PET time constants for PV/CdSe-Cn films as a function of n.
For each n, the reported value and the error bar correspond
to the average and the standard deviation of the In(z,,,) for at
least three separately prepared samples. The red dashed
line shows the best-fit curve with eq 3 using A as the only
fitting parameter (A=2.7 x 10 3 ps), =0.8 A", and d o =
n x 1.26 A + 3.4 A (i.e., electron tunneling across all-trans
ligands). Solid lines show the predictions of eq 3 and the
collapsed-shell model (eq 4) for the fixed parameters /5 =
0.8 A", reore = 1.5 Nm, and o = 3.9 chains-nm 2 (black line)
or 0 = 5.6 chains-nm~2 (blue line) and using A as a fitting
parameter, A = 2.6 x 10 2 ps (black line) or 7.0 x 1073 ps
(blue line).

exponentials as our fitting function in order to keep
consistency with the multiexponential fitting function
used for PDDA/CdSe-Cn films and because fitting some
decay traces with a stretched exponential yielded
stretched coefficients larger than one, a result that
lacks a straightforward physical interpretation (Table
S4 in the Supporting Information).

In order to compare the characteristic PET time
scales for different films, we calculated the intensity
(second moment) average of the two best-fit time
constants, 7; and 7, from the two-exponential fit
function (eq 2). The plot of In(t,) versus n in Figure 7
shows that this average time

Mw
~

=4
>

(2)

]
3
I

™M
i
>

constant for PET, 7., decreases with increasing n
(for n = 1—7). Figure S8 in the Supporting Information
shows that the time constants 7, and 7, both individu-
ally follow this trend. We first fit the plot in Figure 7 with
the simple model for tunneling through a rectangular
barrier (eq 3).>* In eq 3, B is the tunneling decay
constant, dgpe is the thickness of the ligand layer

Toer = kpgr = Aexp(Bdsen) 3)

that separates the viologen unit from the QD surface
(the length of the tunneling barrier), and A is a pre-
exponential factor that is assumed to be independent
of the thickness of the tunneling barrier. Previous work
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on electron transfer through saturated all-trans-
extended alkyl molecules** 3¢ reports § ~ 08 A’
and dspei = dcy,n + d', where dcyy is the length of a
CH, unit and d' is the n-independent length of the end
groups (we determined dcy, = 1.26 Aand d =34 Afor
the mercaptocarboxylic acids based on molecular
models). The dashed line in Figure 7 shows that the
literature value for 5 produces a much stronger depen-
dence of 7., on ligand length than we observe experi-
mentally. A good fit to the experimental data, using dc,
=1.26Aand d =34 A, rather requires a value of 5 of 0.3
A", which is abnormally low for electron tunneling
through a saturated alkyl bridge3* 3¢ We therefore
suspect that the ligand shell of the QDs is not composed
of trans-extended ligands.

In dry films, the ligands on the QD surface can form
a compact film—that is, the ligand shell collapses—in
order to maximize their packing efficiency. The low
dielectric constant of the medium ensures that the
carboxylate headgroups will be either paired with the
polycation or a mobile cation or protonated. We
expect, therefore, that, in the solid state, the electro-
static repulsion between charged headgroups will not
hinder the collapse of the ligand shell. Equation 4 gives
an expression (derived in the Supporting Information)
for the thickness of a fully collapsed ligand layer on a
spherical QD, based on simple geometric arguments.
In eq 4, piigand and Miigana are the n-dependent density
and molecular weight of the ligands, o is the ligand

1/3

3or, 2M|' d

dshell = M“'rcores — I'core (4)
pligandNA

surface coverage, rore is the radius of the QD inorganic
core, and N, is Avogadro's number. This model accu-
rately describes the weak dependence of the PET time
constants on the ligand length observed for n = 1-7
(solid lines in Figure 7) using 8 = 0.8 A~ for a trans-
extended monolayer and o = 3.9 (black) or 5.6 (blue)
chains-nm~2 (these values correspond to the surface
coverage range measured for CdSe-Cn withn = 1-7,
Table 1).

An alternative mechanism that could explain the
dependence of 7,,, on n is the penetration of the ligand
shell by PV. We believe, however, that the observed
trend cannot be attributed solely to penetration of an
all-trans ligand shell by PV since previous work shows
that positively charged methylene blue (MB), which is
less conformationally restricted than PV, adsorbs on
the outer surface of mercaptocarboxylate self-assembled
monolayers on Au rather than penetrating into the
layer.>”—3° The penetration of PV into the QD ligand shell
is thus unlikely.

Possible Mechanisms for the Slow PET Rates Observed for PV/
(dSe-Cn Films with n = 10—15. The PET time constants
predicted from the collapsed-shell model (egs 3 and 4)
for PV/CdSe-Cn with n =10 and 15 are = 108 and 370
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ps, respectively (in this calculation, we used the surface
coverages reported in Table 1 forn=10and 15 and the
best-fit value of A= 2.6 x 10~ 2 ps obtained from the fit
in Figure 7). In these two samples, however, we experi-
mentally observe that the bleach recovery is incom-
plete even after 3 ns (Figure 6). We are confident that
this discrepancy between predicted and observed
dynamics is not due to sample-to-sample variations
or measurement errors because (i) we prepared at least
three PV/CdSe-Cn films for each n, and in all samples
with n < 7, the B1 signal completely decayed within
~2—15 ps, while in all samples with n > 10, the decay
was always incomplete after 3 ns; and (ii) films with fast
(n=1-7)and slow (n=10and 15) B1 decay rates were
prepared and measured on the same day under almost
identical conditions. The slow PET rates for n = 10 and
15 are also not due to a stoichiometric deficiency of
viologens in the film because CdSe:viologen unit molar
ratios (calculated from chemical reduction experi-
ments, as that shown in Figure 2C) are uncorrelated
with n and vary between 1:3.6 and 1:6.7 (see Support-
ing Information). This result is supported by ATR-FTIR
measurements (Figure S7 in the Supporting Information)
that show no systematic trend between n and the
intensity of the characteristic PV band*® at 1640 cm™".
The excitonic peak positions slightly depend on n due to
synthetic variability (A4 = £2.7 nm; see Table 1), and
therefore, there is a small sample-to-sample variability in
the energy of the LUMO levels and in the driving force of
PET.' In the Supporting Information, however, we show
that these differences cannot account for the inefficient
PET observed for n = 10 and 15.

A plausible hypothesis for the fundamentally differ-
ent behaviors of the films with n=1—7 and n = 10 and
15 is that these longer alkyl chains form trans-extended
rather than collapsed monolayers. Self-assembled
monolayers on planar gold,*'** Au nanoparticles
(NPs),** and SiO, NPs** show transitions from liquid-like
disordered films to well-ordered compact monolayers
as the ligand length increases. Interestingly, these tran-
sitions occur in a ligand length range (C5—C11,"
C6—C10,** C5—C6™) similar to that where we observe
the transition from fast to slow PET (between C7 and
C10). The formation of compact SAMs obtained on
planar substrates is frustrated for highly curved surfaces,
where long ligands maximize their intermolecular hy-
drophobic interactions by forming bundles**~*° (this
mechanism is schematized in Figure 8). Assuming that
the length of the bundles is equal to that of a trans-
extended ligand, eq 3 predicts PET time constants of
7=9.2ns(forn=10) and 1.4 us (forn=15), withA=2.6 x
1072 ps (obtained from the fit in Figure 7), =08 A",
and dgpe = n x 1.26 A + 3.4 A. Both of these predicted
time constants are larger than the time constants for
the intrinsic electron decay, so the “bundling” mechanism
could be responsible for the very low yield (or absence) of
PET observed for PV/CdSe-Cn with n = 10 and 15.

TAGLIAZUCCHI ET AL.

Figure 8. Scheme showing the increase in the tunneling
distance due to the packing of ligands into all-trans bundles;
this mechanism is proposed in the text to explain the
unexpectedly slow PET kinetics observed for CdSe-C10
and CdSe-C15.

An additional factor that could contribute to the
slow PET rates measured for PV/CdSe-Cn films with
n=10and 15 is the aggregation of QDs. Formation of
QD aggregates would prevent the poly(viologen) from
accessing QDs that are not at the surface of the
aggregates and thereby prevent the redox centers
from achieving a PET-active configuration. This me-
chanism is possible but unlikely for reasons that we
detail in the Supporting Information.

CONCLUSIONS

We have demonstrated that photoinduced electron
transfer (PET) occurs from CdSe QDs passivated by
HS-(CH,),-COOH ligands (n = 1—7) to poly(viologen) on
the ultrafast time scale within a thin film. The distance
dependence of the PET rate for these films indicates
that the ligands assume a predominantly collapsed,
rather than trans-extended, conformation. We have
also shown, for the first time, a dramatic decrease of
the PET rate upon increasing the length of the ligands
on the QDs from n = 7 to n = 10 that cannot be
accounted for with the length dependence exhibited
by the shorter ligands. We propose that the unexpect-
edly slow PET for the systems with n > 10 is due to the
association of the mercaptocarboxylic acid ligands into
trans-extended bundles that increase the average
tunneling distance for PET. Conclusively determining
the contribution of this mechanism to the observed
PET rate is difficult, but the important message is that
theligand shell on the QD plays a key role in controlling
film morphology at the nanoscale, and that this mor-
phology strongly impacts the rate of photoinduced
charge separation. These considerations are uniquely
important in solid-state PET.

Poly(viologen) shares some key advantages with
molecular viologens (commonly used as solution-
phase oxidizing agents) for the study of PET in QD
systems. These advantages are (i) the ability to extract
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electrons from CdSe on the picosecond time scale, (ii)
the characteristic absorption band of the reduced
species in the visible region, and (iii) the possibility to
easily synthesize poly(viologen)s with different molec-
ular architectures® (differing, for example, in their
redox potentials®®). A major finding of the present
work is that, despite the rather low ratio of viologen
units to CdSe QDs (3.6—6.7:1) in the QD/PV films, very
efficient and quantitative PET occurs from the QDs
to PV in cases where PET-active donor—acceptor con-
figurations are possible. We partially attribute this
efficiency to the LbL deposition method, which pro-
vides good intermixing between the NPs and the

EXPERIMENTAL METHODS

Materials. All reagents were used as received from Sigma-
Aldrich, with the exception of cadmium stearate, which was
used as received from MP Biomedicals, Inc.

Synthesis of Poly(p-xylyl viologen). Poly(p-xylyl viologen) was
prepared according a previous published procedure.?’ Briefly,
we reacted 6.4 mmol of 4,4’-bipyridine (1.0 g) and 6.4 mmol of p-
dibromoxylene (1.69 g) in 68 mL of dry acetonitrile for 2 days at
room temperature, and the as-obtained precipitate was filtered
and vacuum-dried. The product was dissolved in water and
purified by dialysis against water using a membrane with a 6000
MW cutoff for 7 days. The Supporting Information describes
characterization of the final product.

Synthesis of (dSe Quantum Dots. We prepared the CdSe-Cn QDs
from a single batch of CdSe nanocrystals in hexanes (band-edge
absorption at 550 nm) using the method described by Lilly
et al>' A 12 mL aliquot of Cd/Se stock solution, made of 224
mmol trioctylphosphine (TOP), 49.8 mmol Cd stearate, and 46.8
mmol Se, was injected into a mixture of hexadecylamine (HDA,
8.03 mmol) and trioctylphosphine oxide 90% (TOPO, 5.02
mmol) at 320 °C under positive N, pressure with stirring. The
formation of CdSe (red solution) immediately followed the
injection; the reaction was allowed to proceed at 290 °C for
5 min and then quenched to a temperature <70 °C by fast
addition of hexanes. This procedure yielded ~1.4 umol of CdSe
QDs (after purification). We prepared the CdSe QDs of different
sizes for the experiments in Figure 5 according to the procedure
of Qu et al.,** with slight modifications.*® A mixture of 90%
TOPO (5.02 mmol), HDA (8.04 mmol), and Cd stearate (0.165
mmol) was dried for 1.5 h by heating at 105 °C in a three-neck
round-bottom flask under positive nitrogen flow and stirring.
The reaction flask was then heated to 320 °C,and 1 mLofa 1M
TOPSe solution in TOP (prepared and stored in a glovebox) was
quickly added through a septum. We allowed the reaction to
proceed at 290 °C until the desired QD size was achieved and
then quickly quenched the reaction with hexanes.

Purification of (dSe Quantum Dots. The CdSe quantum dots
remained in the reaction crude for 2 h to allow the precipita-
tion of some free ligands, which we then separated from the
QDs by centrifugation for 10 min at 3500 rpm. We decanted
the supernatant (which contained the QDs) and precipitated
them by addition of methanol, centrifuged the solution, and
discarded the resulting clear supernatant. We then redis-
persed the QD containing pellet in hexanes, centrifuged the
solution, and discarded the ligand-containing white pellet. The
supernatant was then purified by precipitation with methanol,
centrifugation, and redispersion in hexanes two additional
times. The size and concentration of the purified CdSe QDs
were determined from their UV—vis spectrum using literature
calibrations curves.>®

Ligand Exchange with Mercaptocarboxylic Acids. In order to pre-
pare PV/CdSe via layer-by-layer self-assembly, we rendered QDs
water-soluble by ligand exchange with mercaptocarboxylic

TAGLIAZUCCHI ET AL.

polymer due to electrostatic pairing between the
carboxylate end groups of the thiols and the positively
charged viologen groups. These results motivate stud-
ies of the effect of the passivating ligands on photo-
induced charge separation rates in other QD/redox
molecule systems, both in films and solution, and
suggest that the conformational behavior of the “soft”
components in hybrid QD/organic films must be con-
sidered in the design of devices based on these
composite materials. Future work will focus at deter-
mining whether the ultrafast PET demonstrated in this
report can be effectively used in a photocurrent gen-
eration or photocatalysis scheme.

acids of different lengths. We followed the procedure of Aldana
et al.>* with minor modifications. We introduced nitrogen-dried
CdSe QDs (100 nmol) and a solution of the mercaptocarboxylic
acid (1 mmol) in absolute ethanol into a three-neck round-
bottom flask and adjusted the suspension to pH >10 with
benzyltrimethylammonium hydroxide. The mixture was stirred
for 24 h under nitrogen. The resulting suspension was centri-
fuged, and the pellet was dissolved in ~10 mL of diluted NaOH
solution (pH 10) to yield a clear solution. We precipitated the
CdSe QDs by adding ~20 mL of a 1:1 mixture of methanol/
acetone and then centrifuged and redisolved the QDs in a NaOH
solution of pH ~10. We repeated the precipitation/redisolution
procedure three times. The elemental analysis of CdSe-Cn QDs
(measured by energy-dispersive spectroscopy, EDS; see Sup-
porting Information) reveals the presence of Cd, Se, and S, but
not of P. This result indicates complete exchange of the native
ligands (mainly n-octylphosphonate, OPA, and P'-P'-(di-n-octyl-
)pyrophosphonate, PPA?%) by the mercaptocarboxylic acids. The
solutions used for LbL assembly had a pH of 7.5 + 0.3 and a
concentration of 1.0—2.0 uM of CdSe + 0.25 M NaCl.

Layer-by-Layer (LbL) Adsorption. We used either plasma-cleaned
glass or ITO on glass (Delta Technologies) slides as substrates for
the LbL assembly. A (PDDA/PSS), adhesion layer was grown on
these substrates by two cycles of immersing the substrate in a
10 mM PDDA + 0.5 M Nadl solution for 15 min, thoroughly
rinsing the substrate with water, and then immersing the
substrate in a 10 mM PSS + 0.5 M NaCl solution for 15 min
and thoroughly rinsing the substrate with water (this adhesion
layer was not used for samples prepared for XPS measurements
in order to avoid the contribution of PSS to the S signal). We
have used NaCl in the assembly solution to increase the
thickness per bilayer, based on literature reports® and pre-
liminary experiments on the CdSe/PDDA system. We built either
a PV/CdSe-Cn or a PDDA/CdSe-Cn multilayer on top of the
adhesion layer by sequential absorption of CdSe-Cn and the
respective polycation until the desired number of layers was
obtained. In each adsorption step, the sample was immersed in
the polycation or CdSe-Cn solution for 15 min, thoroughly
rinsed with water and dried with nitrogen. Films were termi-
nated with the polycation in order to avoid having CdSe QDs
within different environments (i.e., nanoparticles inside the film
and on the outer surface). Progressive photoetching of the CdSe
QDs occurred for samples in contact with the electrolyte solu-
tion (but not for dried films) and manipulated under ambient
light conditions; therefore, the LbL procedure was performed in
the dark. After the LbL procedure was complete, the film was
removed from one side of the substrate using a tissue paper
soaked in methanol.

Transient Absorption Experiments. We conducted femtosecond
transient absorption experiments using a tunable excitation
pulse from an optical parametric amplifier, OPA (TOPAS-C, Light
Conversion), pumped by the 1kHz, 100 fs, 795 nm output of a
mode-locked regeneratively amplified Ti:sapphire laser
(Solstice, Spectra Physics). The output from the OPA was
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chopped to 500 Hz in a commercial TA spectrometer (Helios,
Ultrafast Systems) to enable active background subtraction and
obtain differential absorption spectra. The probe beam, a white-
light continuum generated by focusing part of the 795 nm
output of the laser through a sapphire plate, and the pump
beam entered the sample through the clean side of the glass
substrate and then overlapped on the coated side of the
substrate with an IRF of 200 fs. The probe pulse was then
collimated and focused into a fiber optic connected to a CCD
array. The sizes of the pump and probe pulses at the position of
the film were 730 & 100 and 220 = 50 um, respectively. The
pump laser was tuned 30 nm higher in energy than the
absorption peak of the band-edge exciton in order to facilitate
the subtraction of the scattered pump light. All measurements
were performed at a fixed pump energy of 1.8 uJ/pulse, which
corresponds to an expectation value for the excited state, (N), of
~0.2 and conducted in a nitrogen purged gas-flow chamber®®
in order to minimize possible photobrightening effects>® as well
as the reaction between oxygen and reduced viologen species.
Two successive measurements of the same sample under the
same conditions produced overlapping TA traces; this result
indicates no long-term photodegration of the films.
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