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ABSTRACT The creation of systems that efficiently interconvert

chemical and electrical energies will be aided by understanding ‘,ms

proton-coupled electron transfers at solution—semiconductor inter- §0'12 + N\ & %
faces. Steps in developing that understanding are described here §°-°8

through kinetic studies of reactions of photoreduced colloidal zinc §0.04

oxide (Zn0) nanocrystals (NCs) with the nitroxyl radical TEMPO. 0.00 1 | :

These reactions proceed by proton-coupled electron transfer (PCET) 0.0 05 1.0

to give the hydroxylamine TEMPOH. They occur on the submillise-

Time (s)

cond to seconds time scale, as monitored by stopped-flow optical spectroscopy. Under conditions of excess TEMPO, the reactions are multiexponential in

character. One of the contributors to this multiexponential kinetics may be a distribution of reactive proton sites. A graphical overlay method shows the

reaction to be first order in [TEMPO]. Different electron concentrations in otherwise identical NC samples were achieved by three different methods:

differing photolysis times, premixing with an unphotolyzed sample, or prereaction with TEMPO. The reaction velocities were consistently higher for NCs

with higher numbers of electrons. For instance, NCs with an average of 2.6 e~ /NC reacted faster than otherwise identical samples containing <1 e /NC.

Surprisingly, NC samples with the same average number of electrons but prepared in different ways often had different reaction profiles. These results show

that properties beyond electron content determine PCET reactivity of the particles.
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any of the critical energy conver-
sion reactions being studied at
semiconductor interfaces, such as

the oxidations of water and H,, and the
reductions of protons and CO,, are inher-
ently proton-coupled electron transfer
(PCET) processes. These reactions are typi-
cally described as charge transfer (CT) pro-
cesses, and their dynamics and mechanisms
are usually discussed primarily in terms
of the electronic energies of the charge
carriers.' > Other factors have been identi-
fied, including the nature and density of the
surface ligands®” and the crystal plane ex-
posed to the solution.? However, there has
been little study of the role of the protons in
the kinetics of these reactions, outside of
the typical Nernstian dependence of the
band energies on proton activity (pH).”'°
Previous work from our laboratory has
demonstrated that photoreduced colloidal
zinc oxide (ZnO) and titanium dioxide (TiO5,)
nanocrystals (NCs) can react by proton-coupled
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electron transfer with organic hydrogen
atom acceptors.'’ The presence of chemi-
cally active protons is indicated by a num-
ber of observations, including the formation
of protonated reaction products in aprotic
media. Thermodynamic coupling of the pro-
tons and electrons in ZnO NCs was observed
through electron transfer from one-electron
reductants to the NCs upon addition of
protons to suspensions of ZnO nanocrystals
in aprotic solvents.'?

This report is focused on the kinetics of
the PCET reaction of photoreduced ZnO
NCs with the nitroxyl radical TEMPO, which
forms the hydroxylamine TEMPOH (2,2,6,6-
tetramethyl-piperidin-1-yl-oxyl to N-hydro-
xy-2,2,6,6-tetramethylpiperidine), eq 1. To
write a balanced chemical equation, we
write the photoreduced ZnO NCs as ZnO:
e cg/H". The subscript CB indicates that the
electrons in these ZnO NCs occupy conduc-
tion band (CB)-like orbitals that are deloca-
lized over the entire NC."® The presence of
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Figure 1. Absorption spectra and extracted single wavelength data showing the reaction of reduced ZnO NCs (0.17 mM,
[e"1=0.24 mM) with TEMPO. (a) Stacked spectra from 1 ms to 1.54 s from reaction of reduced NCs with 4.8 mM TEMPO, black
arrow indicating direction of absorbance change with time. The broad peak at 460 nm is due to TEMPO. (b) Absorbance at
700 nm plotted over 3.5 s for [TEMPO] = 0.24 mM (green, top), 1.2 mM (blue, middle), and 4.8 mM (red, bottom). The black
dashed line represents the initial absorbance if no reaction had occurred, determined from half of the absorbance of a
spectrum of reduced, unreacted NCs pushed into the mixing chamber of the stopped-flow.

CB electrons is indicated by the blue color of the NC
suspension, so in eq 1 the circle representing the
reduced NCs is colored blue.

ZnO:ecp/H* + TEMPO ZnO + TEMPOH

Most CT studies of NCs have examined photoche-
mical or photoinitiated processes limited to short-lived
photoexcited states [for some exceptions, see®'%'4~16],
This work uses stopped-flow spectroscopy to study the
PCET reactivity of stable reduced NC suspensions. These
reactions are slow, occurring on a milliseconds-to-sec-
onds time scale, and are relevant to PCET catalysis at
oxide interfaces. These TEMPO reactions are slower than
the more typically studied photoinduced electron trans-
fer (ET) processes in part because of their lower driv-
ing force. PCET reactions that are more exoergic can
proceed much more quickly, such as the reaction of
photogenerated ZnO:e cg/H' with the 2,4,6-tri-tert-
butylphenoxyl radical (‘BusArO°), which has a 0.5 eV
larger driving force and occurs with k ~ 10" M~ s~
This example suggests that the involvement of proton
transfer does not necessarily make the reactions slow.
The slow time scale and proton-coupled nature of these
reactions make them interesting models for steps oc-
curring in fuel cell or solar fuel production, as these
processes also occur on relatively slow time scales.'”

Reproducible kinetic data for e /H* transfer from
reduced ZnO to TEMPO have been obtained, by com-
paring aliquots from the same suspension of NCs. The
disappearance of the CB electrons is multiexponential
but the kinetics are simple first-order in [TEMPO]. Using
aliquots from a single batch of NCs, we have prepared
sets of reduced ZnO suspensions that are composi-
tionally essentially identical via slightly different che-
mical routes. Despite having essentially the same
average numbers of electrons, protons and capping
ligands, and the same electronic spectra, these
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samples show different kinetic behavior with TEMPO.
The results show that electronic properties are not
sufficient to understand colloidal semiconductor
charge transfer reactions. We tentatively suggest that
the history of the NC solution may yield different
populations of protons that play a role beyond mod-
ulating the energetics, and we suggest that the pro-
tons need to be explicitly considered when X—H bonds
are being formed or cleaved.

RESULTS AND DISCUSSION

A. Description of Kinetic Behavior. Mixing reduced ZnO
NC colloids with anaerobic solutions of TEMPO causes
rapid loss of the broad low-energy absorbance of the
ZnO:e ™ cg/H™ (Figure 1a). Since TEMPOH is the product,
this reaction involves the transfer of one e g and one
H™ to the substrate.'’ Reactions were typically carried
out under conditions of excess TEMPO, with the e g as
the limiting reagent, and were monitored via the
absorbance at 700 nm, which scales linearly with the
concentration of e g.'"'? The decay in the TEMPO
absorbance (Am.x 460 nm) is consistent with the
changes at 700 nm. Control experiments reacting un-
charged ZnO NCs with TEMPO did not show any reac-
tion, as would have been evident from a decrease in the
TEMPO optical absorbance. The colloidal ZnO:e cg/H"
are similarly stable for extended periods.

In the first set of experiments, reactions were
monitored for one sample of reduced ZnO NCs with
three different concentrations of TEMPO (Figure 1b). As
described in the Experimental Section, all of the ex-
periments reported here used this kind of comparison,
starting from a single batch of NCs, to ensure that their
properties were identical for all of the kinetic runs
within a comparative set. In all of the kinetic runs, the
absorbance at 700 nm at the first time point (1 ms) was
significantly below the true initial value, calculated by
halving the averaged absorbance of the reduced NC
solution alone in the observation cell (without TEMPO).
The absorbance values were obtained before and after
reactions with TEMPO had been monitored by flushing
through 0.5—1.0 mL of the reduced NC solution.
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Figure 2. Reaction of reduced ZnO ([NC] = 0.17 mM; [e"] = 0.47 mM) and TEMPO (blue line = 4.8 mM; red line = 9.6 mM).
(a) Absorbance at 700 nm plotted for reactions with two concentrations of TEMPO; the red trace with the higher concentration
of substrate decays faster. (b) The data on the left plotted with the time axis multiplied by the [TEMPO]; the traces overlay
indicating a first-order dependence on [TEMPO]. Dashed lines indicate the expected initial absorbance if no reaction occurred,
obtained from half of the absorbance of a spectrum of reduced, unreacted NCs in the stopped-flow.

Scheme 1. Manipulation of NCs Solutions To Observe Effects on Reaction Dynamics of Photoreduced ZnO NCs and TEMPO?
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1a. Discussed in Section C
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1b. Discussed in Section D
7 mL 80 min hv
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1c. Discussed in Section D

6 mL 20 min hv

3 mL 80 min hv+ 3 mL unphotolyzed
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7 mL 80 min hv
16 mL NCs
80 min hv —/>
3 mL 80 min hv+ 3 mL unphotolyzed
4 mL NCs

20 mL NCs

9Key: (a) dilution of photoreduced NCs with unphotolyzed NCs, Section C; (b) NCs with same electron content reached through
short photolysis time or long photolysis time and dilution with unreduced NCs, Section D; (c) NCs with same electron content
reached though oxidation with TEMPO or dilution with unreduced NCs, Section D.

In Figure 1b and some of the other figures, this initial
absorbance is shown as a horizontal dotted line.

With each concentration of TEMPO, the decay in
absorbance at 700 nm [A(700)] was multiexponential.
For instance, in a reaction with [e”] = 0.24 mM and
[TEMPO] = 1.2 mM (blue [middle] trace in Figure 1b),
20% of the reaction is complete within the 1 ms mixing
time of the instrument. It took 100 ms for the reaction
to reach 50% completion and required 2 s to reach 75%
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completion. The decays can be fit to a stretched expo-
nential function or (poorly) to a sum of two exponential
functions, as described in the Supporting Information.
In the biexponential fits, the time constants differ by
roughly an order of magnitude.

B. First-Order Dependence on TEMPO Concentration. Higher
concentrations of TEMPO increase the reaction velo-
city, as is qualitatively evident from the time traces in
Figures 1b and 2a. In Figure 2, TEMPO is in 10- and
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Figure 3. Plots for reaction of reduced ZnO NC solutions with TEMPO. [NC] = 0.13 mM; [e ] = 0.35 (red, top); 0.13 (blue,
middle); 0.049 mM (green, bottom); [TEMPO] = 4.8 mM. (a) Absorbance at 700 nm over the first 2.5 s of the reaction.
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(b) Normalized absorbance, (A; — Agnal)/(Ainitiai — Afnal) Vs t. The dashed lines before zero indicate the expected initial
absorbance for each NC aliquot if no reaction occurred, obtained from half of the absorbance of a spectrum of reduced,

unreacted NCs in the stopped-flow.
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Figure 4. Kinetic plots for reactions of TEMPO with ZnO NCs ([NC] = 0.13 mM) reduced through different methods: 80 min
photolysis (red), [e"] = 0.34 mM; 80 min photolysis diluted with uncharged NCs (blue), [e”] = 0.13; 20 min photolysis (green)
[e"]1=0.15 mM) with TEMPO (4.8 mM). (a) Absorbance at 700 nm vs time. (b) Normalized absorbance (A; — Agna))/(Ainitial — Afinal)
vs t. The dashed lines before zero indicate the expected initial absorbance for each NC aliquot if no reaction occurred,
obtained from half of the absorbance of a spectrum of reduced, unreacted NCs in the stopped-flow.

20-fold excess relative to electrons. The dependence of
these reactions on the TEMPO concentration is indi-
cated by plotting A(700) versus the product of time
and [TEMPQ] (Figure 2b). This scaling of the time axis
causes the two traces to overlay very closely over the
entire reaction. This close overlay has been observed
in repeated experiments of this kind. The overlay of
the kinetic traces vs {time x [TEMPO]} shows that the
reaction is first order in [TEMPO]."® This scaling can be
viewed as a graphical definition of first-order behavior."

C. Dependence on the Number of Electrons per NC. The
effect of the extent of NC reduction on PCET reaction
dynamics was studied by changing the electron con-
tent of different aliquots of a NC suspension. This was
first done by diluting photolyzed aliquots with unpho-
tolyzed aliquots of NCs in the glovebox, Scheme 1a.
Since charge transfer between NCs is very fast,?° these
samples rapidly equilibrated to different electron con-
centrations. There was minor air oxidation during
sample loading onto the stopped-flow instrument, so
the absorbance at 700 nm was used to measure the e~
concentration for each sample. Dividing the e~ con-
centration by the NC concentration gives the average
e~ cg/NC for each solution, being 2.7, 0.9, and 0.4 in this
experiment. For each sample, the reaction with 4.8 mM
TEMPO displayed multiexponential A(700) vs time
traces, qualitatively similar to those as described above
(Figure 3a).

BRATEN ET AL.

The traces can be directly compared by normalizing
the data, (A; — Aginal)/(Ainitial — Afinal) (Figure 3b; semilog
plots are given in the Supporting Information), where
Ainitial IS the independently measured expected absor-
bance at t = 0 (see above). Aqna is obtained from
averaging the final 25 time points in reactions mon-
itored to 15 s. It is qualitatively clear that the more
highly reduced NCs react more quickly. For instance,
the times for 50% of the electrons to react are 15, 75,
and 160 ms for the 2.7, 0.9, and 0.4 e~ g/NC samples,
respectively. Determining a quantitative relationship
between the e” g/NC and the kinetics has not been
possible due to the complexity of the multiexponential
kinetics. The origin of the multiexponential behavior is
discussed below.

D. Dependence on Pathway to NC Electron Content. In the
experiment described in Scheme 1b, a NC suspension
was split into aliquots and reduced by three different
methods. The first sample was photolyzed for 80 min,
yielding NCs reduced on average by 2.6 e cg/NC once
loaded into the stopped flow. The second sample,
photolyzed for 20 min, provided a solution with
1.1 e” cg/NC. The third sample was prepared by mixing
equal volumes of 80 min photolyzed aliquot and
unphotolyzed aliquots and produced NCs containing
1.0 e ¢g/NC. Thus, samples 2 and 3 had close to the
same number of e g/NC but were prepared by differ-
ent paths. The three samples were each reacted with
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Figure 5. Kinetic plots for reactions of TEMPO (4.8 mM) with ZnO NCs ([NC] = 0.13 mM) reduced through different methods:
80 min photolysis (red), [e”] = 0.30 mM; 80 min photolysis then diluted with unphotolyzed NCs (blue), [e"]1=0.11 mM; 80 min
photolysis then prereaction in the glovebox with a small amount of TEMPO (green), [e"] = 0.13 mM). (a) A(700) vs t.
(b) Normalized absorbance (A; — Agnal)/(Ainitial — Afinal) VS t. The dashed lines before zero indicate the expected initial
absorbance for each NC aliquot if no reaction occurred, obtained from half of the absorbance of a spectrum of reduced,
unreacted NCs in the stopped-flow. (c) Normalized absorbance data plotted on a semilog scale.

the same 4.8 mM TEMPO solution. Plots of absorbance
and normalized absorbance (A; — Afinal)/(Ainitial — Afinal)
vs time are shown in Figure 4. The normalized absor-
bance plot shows that the more reduced NCs react
faster than the less reduced NCs, as observed previously.
For the NCs prepared by short photolysis and by dilu-
tion, both the absorbance and normalized absorbance
traces nearly overlay. Thus, the two samples of NCs with
similar ~1 e~ g/NC, formed by different procedures,
have similar reaction dynamics with TEMPO.

To extend the previous analysis of NC reactivity
dependence on the path to reduction, the experiments
described in Scheme 1c were performed. An 80 min
photolyzed sample had 2.3 e” g/NC once loaded onto
the stopped-flow instrument. An aliquot of this sample
diluted with the unphotolyzed solution yielded NCs
with 0.8 e~ g/NC. The last portion was titrated in the
glovebox with a substoichiometric amount of TEMPO
to produce a solution with 1.0 e~ g/NC on average. All
of the solutions were reacted with the same concen-
tration of TEMPO in greater than 10-fold excess. The
resulting plot of absorbance at 700 nm vs time appears
similar to those shown above (Figure 5a). The normal-
ized and semilog kinetic traces (Figure 5b,c) show that
the most reduced aliquot reacts fastest, as expected.
For the two less reduced samples, the TEMPO-quenched
sample initially reacts slightly faster, as expected be-
cause it has a slightly higher [e7]. In the second half of
the reaction, however, the traces for these two samples
diverge. The reaction velocity of the sample prereacted
with TEMPO is lower than the diluted sample, even
though it had a slightly higher initial electron concen-
tration. These two samples have different reactivity,

BRATEN ET AL.

even though they have essentially the same concen-
tration of electrons. They have just had a different path
to get to that [e™ 1.

There is another way to look at these data to fur-
ther probe whether the pathway to a certain concen-
tration of electrons is important. Consider the reactions
of the most highly charged NCs, those that had been
irradiated for 80 min and have ca. 2.5 e g/NC. When
these react with TEMPO in the stopped flow instru-
ment, after about 30—50 ms they reach ~1 e™ g/NC.
This is the same concentration as the less photo-
lyzed, diluted, or preoxidized samples. However, this
~1 e ¢g/NC sample has a quite different kinetic be-
havior with the same amount of TEMPO. The best way
to illustrate this is to adjust the time axis of the A(700)
vs time trace of the more highly reduced sample, so
that it has the same absorbance as the less-reduced
sample at “t = 0”. Conceptually, this is like treating the
first 30—52 ms of the reaction as a “pre-reaction” to
prepare a sample with ~1 e~ cg/NC. Figure 6a shows
this “time axis-shifted” plot for the data in Figure 4.
Upon shifting the time axis of the 80 min photolysis
NC sample to the initial absorbance of the 20 min
photolysis NCs, it is observed that the absorption for
the 20 min photolyzed NCs decays more quickly than
NCs that initially were more reduced. The 20 min
photolyzed sample is significantly more reactive than
the 80 min sample that has reached ~1 ™ ¢g/NC in
the stopped-flow. The same behavior is seen when
the data from Figure 5 are time shifted (Figure 6b ,c):
the initially more reduced sample is less reactive
once it reaches the lower charging level inside the
stopped-flow.
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Figure 6. Kinetic plots for reactions of TEMPO with ZnO NCs
in which the time axis for the red data has been shifted to
the left so that at it has the same absorbance as the other
sample at t = “0” (indicated by the vertical dotted line).
(a) Data from Figure 4, with the 80 min photolyzed sample
(initially 2.6 e cg/NC, red) shifted 30 ms to the left to overlap
with the 20 min photolyzed data (initially 1.1 e ¢g/NC,
green). (b) Data from Figure 5, with the 80 min photolyzed
sample (initially 2.3 e~ g/NC, red) shifted 45 ms to the left
to overlap with the TEMPO-prereacted sample (initially
1.0 e /NC, green). (c) Data from Figure 5, with the
80 min photolyzed sample (initially 2.3 e g/NC, red) shifted
52 ms to the left to overlap with the diluted sample (initially
0.8 e g/NC, green).

These various examples show that NC aliquots with
the same concentration of electrons can have different
reactivity if they are prepared by different paths. These
comparisons are made on the same batch of photo-
reduced NCs, so the compared suspensions have the
same concentration and the same distribution of sizes,
shapes, capping groups, and protons. This is one of the
most important conclusions of this study; the reactivity
of otherwise identical NCs does not simply scale with
the concentration of electrons. This conclusion con-
trasts with the implicit assumptions in Gerischer-type
models typically used for semiconductor—solution
charge-transfer reactions.?’?? These models empha-
size the energy of the electrons or holes (typically the
Fermi energy).

E. Mechanistic Overview of Proton-Coupled Electron Transfer
at Colloidal ZnO Nanocrystals. The reaction of photore-
duced ZnO (ZnO:e cz/H") with the nitroxyl radical

BRATEN ET AL.

TEMPO (eq 1) is a proton-coupled electron-transfer
process because both e~ and H' are transferred to
form TEMPO-H. Reaction 1 has been studied by tradi-
tional stopped-flow mixing kinetics, appropriate for its
time scale of milliseconds to seconds. The two reagents
start in different solutions and undergo many colli-
sions prior to reaction. (The collision frequency under
these conditions is >10% s '; see the Supporting
Information.) These reactions are therefore somewhat
different than the more traditional studies of photo-
initiated processes, which occur on much shorter
time scales and often involve precoordinated sub-
strates (cf. ref 23).

The kinetics of reaction 1 being first order in
[TEMPO] is similar to the first-order dependence of
the reaction of ZnO:e~ c/H™ with the phenoxyl radical
'BusArO°” observed in our previous laser-flash photo-
lysis study.'’ The precise details of how TEMPO ap-
proaches the surface and acquires thee™ and H are not
known. The density of dodecylamine (DDA) capping
ligands on these NCs is relatively low (~25—50%),%* so
the surface is accessible to the TEMPO. To avoid the
effects of changes in capping ligand density, all of the
comparative experiments described here involved solu-
tions with the same DDA/NC ratio. The reaction must
occur ata particular site on the surface because a proton
is a quite localized particle, able to tunnel only a few
tenths of an angstrom.> Reaction 1 is very unlikely to
occur by initial outer-sphere electron transfer because
TEMPO has a very negative redox potential even in polar
media, and formation of the TEMPO™ anion in the
nonpolar toluene is very unfavorable.?® Similarly, TEM-
PO is not a strong base, and the NC acidity is buffered
by the excess DDA present, so initial proton transfer
to form TEMPOH™ is also very unfavorable. It could
be that TEMPO abstracts e~ and H* from a NC in one
kinetic step, which would resemble a hydrogen atom
transfer process (also termed concerted proton—
electron transfer, CPET).” Alternatively, TEMPO could
potentially bind to the surface, concomitant with
transfer of an electron to form a TEMPO™ ligand to
a Lewis acidic zinc site, followed by protonation to
form TEMPO-H. In either case, the proton must be at
or very near the surface, likely present as a surface
hydroxide or a surface-bound dodecylammonium ion
(C42H25NH3 ™). Preliminary experiments with added
strong base suggest the presence of at least dozens
of surface protons in the nonreduced NC.2* This is not
surprising since the NCs are prepared hydrolytically
and are not calcined. Photochemical charging adds
a stoichiometric proton for each added electron."
The reduced NCs may have some protons intercalated
into the ZnO, as there is strong evidence for intercalated
e~ and H™ in bulk Zn0.25~3 Protons below the surface of
a NC would have to diffuse to the surface to be reactive.

F. Multiexponential (Distributed) Kinetics. The reaction of
Zn0:e g/H" + TEMPO (eq 1) is not first order in the
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concentration of electrons. Reactions were monitored
by the change in absorbance at 700 nm, which mea-
sures the decrease in the concentration of electrons,
the limiting reagent in the experiments. The multi-
exponential behavior is illustrated by the contrast
between the substantial amount of reaction within
the 1 ms mixing time of the stopped-flow instrument
vs the ca. 1 s needed for substantial completion. In
reactions of NC suspensions with >2e~/NC on average,
~ 30% of the reaction is complete in the 1 ms mixing
time while ca. 500 ms is needed to reach ~90% of
reaction.

Some of the multiexponential behavior could be
due to the distribution of electrons within the ensem-
bles of NCs, some having 1e™, some 2e™, etc. However,
similar kinetics are observed even for samples with an
average of 0.4 e /NG, in which the distribution is likely
much narrower than in the >2e”/NC samples. The
added electrons have been shown to occupy conduc-
tion band states rather than trap states, even at 4 K.
The reduced NCs are stable for extended periods and
do not form H,. Control experiments mixing TEMPO
with nonreduced ZnO NCs and mixing TEMPOH with
reduced NCs showed no reaction. Thus, there are no
indications of side reactions, for instance, with the DDA
capping ligands. Addition of TEMPOH did not inhibit a
reaction of ZnO:e cg/H" + TEMPO, so there is no
evidence for TEMPOH blocking reactive sites. Such
blocking seems quite unlikely as the reactions only
involve 0.4—3 TEMPO molecules per NC and there are
hundreds of surface zinc ions and likely many dozens
of surface protons.

Multiexponential or “distributed” kinetic behavior is
often observed for CT reactions between molecules
and nanomaterials. The most studied class are charge
injection and back-electron transfer between semicon-
ductors and surface-attached dyes. These are typically
thought to be multiexponential because of a variety of
dye/semiconductor structures and interactions.3%33
The behavior of the injected electrons in nanoscale
TiO, electrodes has also been interpreted with contin-
uous-time random walk models of electron-hopping
and -trapping events.>® The complex kinetics of ET
from WO, nanorods to a soluble Fe(lll) oxidant was
ascribed to the varying energetics of the multiple
electrons being transferred.”

It is not evident why the ZnO:e~cg/H" + TEMPO
reaction has multiexponential kinetic behavior. How-
ever, there are a number of features of this reaction
that constrain the possible explanations, starting with
the slow rate of reaction and the simple first-order
dependence on [TEMPO]. Consider first a hypothetical
ensemble of identical ZnO:e” cg/H™ particles with mul-
tiple reactive sites on the surface, perhaps multiple
proton sites. This would not give multiexponential
kinetic behavior. The reactions studied here are in
the limit of many collisions per reactive event so that

BRATEN ET AL.

all surface sites will be explored. Identical ZnO:e~ cg/H"
particles with multiple reactive hydrogens on the sur-
face would behave just like molecules in a solution,
which might have, for instance, multiple reactive hy-
drogens. In propane (CH;CH,CHs), for example, the
primary and secondary hydrogen sites have different
reactivities but that does not lead to multiexponential
kinetics.>*

The multiexponential kinetics therefore must result
from some sort of heterogeneity of the NCs, a differ-
ence among the particles that is not rapidly equilibrat-
ing on the ms time scale. This heterogeneity could be
in the sizes of the NCs, the energetics of the CB
electrons, the faceting of the NCs, the number or
position of the capping ligands, and the number and
nature of the proton sites. We note that spectroscopic
studies have shown that the added electrons in such
ZnO NCs occupy orbitals that are delocalized over the
entire NC."? Therefore, there is not the broad distribu-
tion of midgap electron trap states that are common in
TiO, and other materials.

The uncharged ZnO NCs have a size distribution of
about £17% about the mean, estimated from the
shape of the band edge absorption.>® This distribution
of sizes leads to a distribution of electron energies in
the NGs. It is important to note that electron transfer
between NCs is rapid under these conditions. ET from
smaller NCs to larger ones occurs within 2 ms even at
50 uM NCs.?° Thus, as the reaction proceeds, the
highest energy more reactive electrons should be
depleted, and this could be the cause of the multi-
exponential kinetics. The results in Figure 3b support
the qualitative prediction of this “electron energy”
model, as the decay of the e g signal at 700 nm upon
reaction with TEMPO is progressively slower in NCs
with decreasing electron content. However, this model
is not consistent with the conclusions of the previous
section that the kinetic behavior is not just due to the
number of electrons. The failure of this model can also
been seen from the data in Figure 3, comparing the
reactions of 2.7, 0.9, and 0.4 e~ g/NC samples. The last
15% of the reaction of the 2.7 e g/NC sample is
dramatically slower than the initial reaction of the
0.4 e g/NC sample, even though they have the same
electron concentration. Furthermore, electron transfer
between PbS NCs and quinones with similar size
distributions display single exponential kinetic behav-
ior in the miscrosecond, collisional time frame.*3

Thus, we conclude both that the NCs in the sus-
pension must be inhomogeneous to account for the
multiexponential kinetics, and that the electron con-
centration alone does not account for this heteroge-
neity. This is not a small effect, as rough fitting of the
data to a biexponential model gives time constants
for the fast and slow components that differ by an
order of magnitude. It seems unlikely that this is due to
variations in the size and shape of the NCs, given the
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fairly narrow size distribution (4-17%).36 Similarly, hete-
rogeneity in the capping group number and density
seems unlikely to cause this large a variation given the
low number of strongly bound groups.'?

One possible explanation is that the effects ob-
served here are related to the protons transferred in
this PCET process. Perhaps there are different popula-
tions of protons compensating for the charge of the
CB electrons, and these have varying abilities to trans-
fer to TEMPO. The changes in the particles with time or
different treatments could then relate to these proton
populations. These NCs undoubtedly have surface
protons in the form of surface hydroxyl groups from
their hydrolytic synthesis and from the photoreduction
process.>*'! There is also a body of experimental®’®
and computational® evidence for protons intercalat-
ing into bulk ZnO. The diffusivity of deuterium in bulk
ZnO and ZnO films is likely =10 nm? s~ (as extra-
polated from higher temperature measurements*>*"),
so movement of protons in these NCs on this time
scale is reasonable. The experiments reported here
may perhaps be plausibly interpreted as more reactive
surface protons being removed from the NC first and
other protons having to migrate to those more reactive
sites. The differences in reactivity observed between
the samples partially oxidized with TEMPO versus
partially oxidized with uncharged NCs could be due
to these reagents removing protons from ZnQO:e~ cg/H™
NCs in different ways.

The ZnOe g/H" + TEMPO PCET reaction seems
slow compared to related studies of ET reactions of nano-
crystals.2® Bimolecular ET from photoreduced PbS NCs to
benzoquinone, for instance, occurs on the micro-
second time scale (e.g., kg = 47 x 10° M~ s7").*>%
Quantitative comparisons are difficult due to reaction 1
being multiexponential and showing substantial reactiv-
ity within the ca. T ms mixing time of the stopped-flow
instrument, but the time scales of the reactions indicate
bimolecular rate constants from 10to 10* M~ s~ (see
the Supporting Information). These are not atypical of
molecular PCET reactions of TEMPO, which is fairly

EXPERIMENTAL SECTION

A. General Considerations. ZnO NCs were prepared as pre-
viously described*® from the addition of ethanolic tetramethy-
lammonium hydroxide to zinc acetate in dimethyl sulfoxide/
ethanol at 0 °C. The NCs were washed with ethanol twice and
capped with dodecylamine before being suspended in toluene.
These stock solutions of NCs were bubble degassed under
reduced pressure and stored at —35 °Cin an N -filled glovebox.
The ZnO NC concentrations were calculated from the average
NC size (4 to 4.2 nm in diameter), determined from optical
spectra of dilute solutions,** together with the zinc concentration
of those solutions, measured by ICP-AES. TEMPO (Sigma-Aldrich)
was sublimed before use. Dodecylamine, 98% from Sigma-
Aldrich, was used without further purification. Toluene was
obtained from a Seca Solvent System installed by GlassContour.

Manipulations of solutions were completed in an air-free
glovebox, unless otherwise noted. In a typical experiment, a
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sterically crowded. More detailed interpretations of
the reaction time scales will require as yet unavailable
information about the free energies of the reactions.
The slowness of the reactions described here does not
appear to be simply due to their being PCET processes,
as flash-kinetics experiments indicated rate constants
of ca. 107 M~ s~ ! for the PCET reaction between the
photoinduced reactions of ZnO NCs and ‘BusArO"."
‘BusArO” reactions are 0.46 eV more exoergic than
analogous TEMPO reactions on the basis of their
O—H bond dissociation free energies.®

CONCLUSIONS AND IMPLICATIONS

Proton-coupled electron transfer (PCET) from photo-
reduced colloidal ZnO nanocrystals (ZnO:e ™~ cg/H™ NCs)
to the nitroxyl radical TEMPO proceeds over the milli-
second to second time scale. The kinetics are first order
in TEMPO. More highly reduced NCs react faster. The
rate of decay of the electron concentration is multi-
exponential for all NCs, even those with less than
1e”/NC on average. The multiexponential kinetic be-
havior is indicated to be due to the heterogeneity of
the nanocrystals. We tentatively suggest that this
heterogeneity is at least in part due to a distribution
of the nature of the reactive protons. Reduced NCs
from the same batch with the same average number of
electrons per NC can have different kinetic behavior,
depending on the different chemical routes to that
electron concentration. For instance, two samples with
the same average number of electrons per NC can be pre-
pared from aliquots of a highly reduced ZnO:e~cg/H* NC
suspension by partial oxidation with TEMPO or with
uncharged ZnO NCs. Thus, the electronic composition
and electron energy are not the sole determinant of
reactivity. These results indicate limitations of the
simple energy level diagrams which are commonly
used to interpret interfacial redox reactivity. Future
studies will probe whether these conclusions are gen-
eral to PCET reactions of other oxides, to catalytic
processes that involve PCET, or to reactions that in-
volve just the transfer of an electron or hole.

ZnO NC stock solution was removed from cold storage and
allowed to reach room temperature, 24 + 1 °C. An experimental
solution of 0.26—0.34 mM ZnO NC was prepared by dilution
with toluene. Photoreduction of the experimental solutions was
achieved by removing a portion of this solution from the
glovebox in a quartz reaction vessel outfitted with a Kontes
valve and a Teflon coated stir-bar, followed by photolysis for
20 to 80 min with stirring using an Oriel 200 W Hg/Xe arc lamp
(Model 66056) and power supply (Model 68742, operating at
6 A). After the desired photolysis time, the reduced NC solution
was returned to the glovebox and split into aliquots which were
further manipulated, vide infra. These aliquots were loaded into
5 or 10 mL gastight syringes with valves. Gastight syringes of
degassed toluene and solutions of TEMPO were also prepared in
the glovebox.

The NC aliquots, solvent, and reagent-filled syringes were
removed from the glovebox and attached to the sample
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handling unit of a TgK Double-Mixing Cryo Stopped-Flow
Instrument. Hamilton “T"-valves were attached between the
sample and reservoir syringes to aid in removing air bubbles.
The reservoir syringes and reagent lines were rinsed with
3—4 mL of degassed solvent before being replaced with
syringes of reduced NC or TEMPO solutions. Spectra to deter-
mine the [e”] were obtained by pushing 0.5—1.5 mL of the NC
solution through the observation cell prior to and after reac-
tions. The actual initial reaction concentrations were half of this
measured value (to account for mixing with the TEMPO
solution) and are indicated by dashed lines in many of the
figures. Reactions were performed at 0 °C and monitored
between 340 and 705 nm with the diode array detector. Data
were collected from the mixing time of the instrument, ca. 1 ms,
over time courses of 1.5—35 s depending on the conditions,
using integration times of 1.5—2 ms.

PCET from reduced ZnO NCs to TEMPO was monitored
through the loss of a broad absorbance in the visible spectrum
of the reaction solution. This visible absorbance is the high
energy tail of a very broad band peaking in the IR and has been
described as an intraband absorption of the CB electrons.*®
While the shape and intensity of this overall resonance is a
complex function of the concentration of electrons, we have
shown by titration that for these sizes of NCS, the absorbance at
700 nm is a linear function of the number of electrons, with an
extinction coefficient & = 700 + 100 M~" cm~"."? This ¢ and the
spectra mentioned above determined the electron concentra-
tion of the NC suspension. While there is some small variation in
the ¢ from one experiment to another, in every case the
absorbance at 700 nm depends linearly on the [e”] based on
titration experiments. Therefore, the kinetics of the reactions
were analyzed using the absorbance at 700 nm.

B. Manipulation of Experimental NC Samples. The electron content
of the NC samples was modulated in three different ways;
changing photolysis time, dilution with unreduced NCs, and
oxidation with TEMPO (Scheme 1). This allowed us to observe
how the path to a particular electron concentration affected the
reaction of the NCs with TEMPO.

One set of experiments to probe the effect of electron
concentration is illustrated in Scheme 1a (results in Figure 3).
An experimental solution was prepared by diluting 15 mL of a
stock solution to 20 mL ([NC] = 0.26 mM) with toluene. A 12 mL
portion was transferred to the gastight quartz vessel photolyzed
for 80 min. Three aliquots were prepared for comparison on the
stopped-flow spectrometer: 7 mL of the photolyzed experi-
mental solution, 3 mL of the photolyzed solution mixed with an
equal volume of the unphotolyzed solution, and 1.5 mL of the
photolyzed solution mixed with 4 mL of the unphotolyzed
solution. Previous work has shown that inter-NC ET is fast and
should rapidly equilibrate the electrons across all the NCs in
the colloidal suspension.2° This kind of procedure was followed
in all of the experiments reported here to ensure that the
NC properties were identical for all of the kinetic runs within
a comparative set. This avoids the incidental variation in
the properties of the NCs between synthetic batches, for in-
stance, in the concentration of dodecylamine capping groups.
For example, the dilution experiments mixed reduced NCs with
unphotolyzed NCs from the same batch, thus maintaining a
constant capping ligand/NC ratio.

In order to probe whether the pathway to NC electron
content has an effect on the reaction with TEMPO, the experi-
ments in Scheme 1b were undertaken (results in Figure 4). An
experimental solution was prepared by diluting 15 mL of a stock
solution to 20 mL ([NC] = 0.26 mM) with toluene. This solution
was separated into three aliquots of 10, 6, and 4 mL. The 10 and
6 mL aliquots were photolyzed for 80 and 20 min, respectively,
and the 4 mL aliquot was left unphotolyzed. A 3 mL portion of
the 80 min photolyzed aliquot was mixed an equal volume of
the unphotolyzed aliquot.

The experiments illustrated in Scheme 1c (Figure 5) used a
20 mL experimental solution, prepared as described above,
separated into 16 and 4 mL aliquots. The 16 mL aliquot was
photolyzed for 80 min. A 6 mL portion of the photolyzed
solution was oxidized with a 110 uL volume of TEMPO
(19.2 mM), monitoring this reaction with an Ocean Optics

UV—vis spectrometer in the glovebox. A 3 mL portion of the
photolyzed sample was diluted with an equal volume of the
photolyzed aliquot. A 7 mL portion of the photolyzed aliquot
was kept for comparison with the other two samples.
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