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ABSTRACT: The ability to control the morphology of spin-cahteemiconducting nanocrystal
films using solution based methods is potentiaityportant for optoelectronic device applications.
In this study we sought to establish relationslhigsveen added bifunctional thiol ligand structure,
triggered nanocrystal aggregation and spin-coatadocerystal film morphology using ZnO
nanocrystals. The latter nanocrystals were stubléaduse they do not rely on adsorbed long-chain
ligands for dispersion stability, which simplifidge analysis, and have potential application iarsol
cells. The dithiol ligands used in this study wér@-ethanedithiol, 1,2-benzenedithiol and 1,4-
benzenedithiol. Dispersion stability was assessedally and using turbidity measurements. A
colloid stability phase diagram for ZnO/1,2-ethati@dl dispersions in chlorobenzene was
constructed and the ability of 1,2-ethanedithiold ab,2-benzenedithiol to trigger dispersion
aggregation was compared. The morphology of spaterb nanocrystal films was investigated
using optical microscopy, SEM and TEM. The datavshlbat added 1,2-benzenedithiol was far
more effective at triggering aggregation than Zffaeedithiol and this effect was attributed to
stronger inter-nanocrystal linkages. Moreover, smated ZnO/1,2-benzenedithiol films strongly
scattered light in the visible region which wagihbtited to the formation of polydisperse sub-
micrometre aggregates. A mechanism for ligand étgd aggregation of dispersed ZnO
nanocrystals was proposed. We propose design fatebifunctional thiol ligand selection for

controlling triggered aggregation and achievingasmded light scattering of ZnO nanocrystal films.
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The latter may enable simpler processing of efficienO photoelectrodes for dye sensitised solar

cells.

INTRODUCTION

The unique optical and electronic properties ofrgamic semiconducting nanocrystals originates
from their quantum size effect and offers poterfoala range of optoelectronic applicatibfisznO
nanocrystals have attracted considerable atteriiothe context of photoelectrodes in dye-
sensitised solar cells (DSSEs) catalysis, sensors sunscreens, coatings, optidseectronic
materiald. Many of the potential applications of nanocrystaly on the ability to carefully control
their spatial arrangement. Whilst most studies hieeissed on adjusting the inter-nanocrystal
separation in deposited filths, very few studies have investigated the poteritinladjusting the
assembly proceshefore nanocrystal deposition by addition of bifunctiotigiands®. The latter
approach, which we term triggered aggregation, atemtially powerful and versatile if the
aggregation process can be controlled. For exardpl@ysited pre-aggregated ZnO nanocrystals of
controlled size are known to increase the efficjeat DSSCs through enhanced light scattéting
Currently, design rules for controlling aggregatioh dispersed semiconducting nanocrystal
dispersions are lacking. Furthermore, there aremaiaties in the mechanisms that are responsible
for aggregation of nanocrystals by added bifun@idigands. Dithiols, which are the focus of this
study, have proven effective for decreasing theerininocrystal distance of spin-coated
nanocrystafs®. The central motivations of the present study werg) improve the understanding
of the mechanisms governing triggered aggregatiahspersed nanocrystals by added bifunctional
thiols and (b) establish relationships betweennafiwnal ligand structure and the ability of spin-
coated ZnO nanocrystal films to scatter light. Wgdthesised that if sufficiently strong inter-
nanocrystal attractive interactions could be forrttexigh rational ligand selection then it would be
possible to spin coat films with light scatterinigilties comparable to those reported using pre-
aggregated ZnO nanocrystals and employed in D8S@e also sought to establish simple design

rules for controlling the morphology of spin-coatednocrystal flms using thiol ligands as the
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toolbox.

ZnO has a wurtzite crystal structifrevith Zn-terminated (0001) and O-termina@®01) surfaces.
The surface of ZnO can accommodate adsorbed aaggtaues from the synthedisUnlike other
nanocrystals, additional ligand stabilisers arereqtired when ZnO is dipsersed in chlorobenzene
or chloroform solutions containing methatfol This property makes ZnO an ideal model
nanocrystal for studying aggregation by additioml@$tablising ligands because the requirement for
exchange of pre-adsorbed long chain ligands israb2n0O nanocrystals have received much

attention in the literatufe!® °

and have been used to prepare DSS@arovskite solar ceflsand
hybrid polymer solar celf& Zhang et al. showed that films containing subrorietre aggregates
resulted in increased light harvesting by the dulstrdye and improved power conversion
efficiencies for DSSCs Moreover the surface area of the nanocrystal$ teenprised the
aggregates remained fully accessible. Here, wedestrr proposal that ZnO nanocrystal films
containing sub-micrometre sized aggregates of Zafarystals could be prepared directly from

dispersions of well defined ZnO nanocrystals withthe need to synthesise pre-aggregated ZnO

nanocrystafs

The interaction of thiols with nanocrystals hasrbaetively studied because of its ability to alter
the band gap$ and increase the electrical overlap of neighbaunanocrystals in spin-coated
films® ° Sadik et af® established that thiol adsorption was dominantttier Zn surface of ZnO.
Whilst a number of reports involving ZnO have dissed monofunctional ligand adorptt6rt® 2
there is a scarcity of data concerning the effeétedded bifunctional ligands on the colloidal
stability of ZnO nanocrystal dispersions. Furthemmahere has been disagreement concerning
whether the increased electrical transport betwegghbouring PbS nanocrystals for deposited PbS
nanocrystal/dithiol films occurs because of dithwidging or simply decreased inter-nanocrystal
distanc& °. Whilst those studies have focussed on deposiedarystal films and used solid state

ligand exchange (SSLE), the approach used hereekirgy to control aggregation dfspersed
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nanocrystals using added dithiols is relativelyxpered®.

In our previous work we investigated the effects aafded monofunctional ligands on ZnO
nanocrystal dispersion stabifify It was shown that the nature of the stabilisingnofunctional
amine ligand played a key role in the morphologyspin-coated hybrid polymer films. More
recently, we investigated the effect of added ihZsmedithiol on the dispersion stability of PbS
nanocrystal dispersions and hybrid polymer / naysiat films. 1,2-ethanedithiol caused triggered
assembly of isotropic PbS aggregates which couldrdggped within hybrid polymer/PbS films
during spin coatintj. However, the PbS nanocrystals contained adsddmegchain ligands which
complicated data interpretation. Furthermore, owolye type of ligand was studied (1,2-
ethanedithiol). Here, we employ ZnO nanocrystals asodel nanocrystal system and investigate

the effects of ligand structure on triggered aggten. The structures of the ligands used in this

QSH

Benzenethiol

study are shown in Fig. 1.

HS SH

1,2-Benzenedithiol

/\/SH
Hs /\/\/\SH

1,2-Ethanedithiol 1-Hexanethiol

1,4-Benzenedithiol
Fig. 1. Structures of ligands used in this study.
In the present study we focus on 1,2-ethanedithied 1,2-benzenedithiol. These bifunctional
ligands (and 1,4-benzenedithiol) can be removenh fnanocrystal films by heating and have been
popular choices for SSLE of deposited nanocrystafs*> The dithiols studied here have a range of
sizes, defined here in terms of the S to S distélned, which are in the range of 3 to 6.5 A (Table
1). Because a dissociative adsorption mechanismoften operative for thiol adsorption on

nanocrystafs deprotonation and thiolate binding are potentiaiportant. Consequently, theK,
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values of the ligands must be considered. Ligantstiwe lowespK, values (Table 1) are expected
to give the highest thiolate concentrations. Iis g8tudy we address the roles of dithiol size kg

for controlling triggered aggregation of ZnO nantal dispersions.

Table 1. Properties of the ligands used in this study.

Ligand Lss /A | pK | Ref. | g®
1,2-benzenedithiol 3.0 6.8| 24 3.4
1,2-ethanedithiol 4.0 16.8| 24 5.1
1,4-benzenedithiol 6.5 g.4| 25 3.4
benzenethiol - 1093 | 26 4.4
hexanethiol - 16.7 | 24 4.1

4 Calculated distance between S atoms using knowd bagles and bond lengtfisAll values were calculated using
DMSO as the solvent unless otherwise staté@hlculated value using Fig. 10 of Ref. 24 andHiaenmett substituent
constant of 0.15 for SH from Ref. Z7Experimentally determined valufeValues calculated for eq. (1) and (2).

In this study we first establish a stability phasagram for ZnO/1,2-ethanedithiol dispersions and
then compare the effects of added 1,2-ethanediéimdl 1,2-benzenedithiol on dispersion stability.
By applying complementary microscopic and spectipgc techniques we show that 1,2-
benzenedithiol promotes stronger attractive ineeracrystal interactions compared to 1,2-
ethanedithiol. The effects of these added ligamdghe morphologies of the deposited films are also
studied. A mechanistic explanation for the changeslloidal stability for ZnO dispersions when
dithiol ligands are present is proposed and tegteditatively using the ligands shown in Fig 1. We
propose preliminary design rules that should enadlection of ligands for controlling morphology
of deposited ZnO nanocrystal films prepared bygegrgd aggregation in the future. Furthermore,
our data imply that addition of 1,2-benzenedith@ZnO nanocrystal dispersions may be a simple

method for preparing photoelectrodes for DSSCs wiitianced light scattering.

EXPERIMENTAL
Materials
Zinc acetate dihydrate_(> 98%), 1,2-ethanedithisl 48%), 1,2-benzenedithiol (96%), 1,4-

benzenedithiol (99%), benzenethiol (> 98%), hexaine(95%) were purchased from Aldrich and
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used as received. Chlorobenzene (99.8%) and mét{@h8%) were also purchased from Aldrich

and used as received.

ZnO nanocrystal synthesis

ZnO nanocrystals were prepared following the methpdBeek et al® A solution of zinc acetate
dihydrate (2.95g, 0.0135 mole) in methanol (125 mias heated at 60°C. Meanwhile, a second
solution of KOH (1.48 g, 0.026 mole) in 65 mL of tm&nol was prepared. The KOH solution was
added dropwise to the flask over 10 min and theti@atemperature was maintained at®60 The
dispersion was then left to stir at 60°C for 90 m@s after which time turbidity became apparent.
Both heating and stirring ceased after 135 minaed the dispersion was left to sediment
overnight. The supernatant was removed and thecngstals were washed with methanol (2 x 50

mL). The nanocrystals were centrifuged and therspedsed in chloroform (10 mL).

Dispersion preparation for UV-visible spectroscopy studies

For these studies dispersions containing ZnO ngsetads (1 w/v%) in methanol (0.2 mL) were
added to 10 mL of mixed chlorobenzene:methanol lgeesb (90 vol.% of chlorobenzene). The
latter cosolvent blend was used for all dispersiamsstigated in this study unless otherwise stated
The samples were sonicated for 10 minutes pridigeind addition. Caution: a fume cupboard
should be used when working with thiols, which are noxious.] The test ligand was then added to
give the proper concentrations and the mixtureasgit Unless otherwise stated the spectra were
recorded after 5 min. For studies probing the ohtaggregation the UV-visible data were recorded
within about 10 sec from the point of the initiaixmg of ligand and ZnO nanocrystals. The
samples investigated using UV-visible spectroscapytained a ZnO concentratioGo) of 0.016

w/v%. All concentrations used in this study aréenms of w/v%.

Dispersion preparation for visual dispersion stability studies
All digital photographs were taken 5 min after thixing of the ligand within the vial usinGz,c =

0.016 % unless otherwise specified. In the casth@fgel study the concentrated dispersion was
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allowed to sit quiescently for 5 h prior to tub&ension.

ZnO nanocrystal film preparation

The ZnO nanocrystal films were spin-coated usin@ 4tispersions (0.16 %) containing added
ligand at the appropriate concentrations which described below. The glass substrates
(microscope slides) used for each film depositi@mesmhoroughly cleaned using an acetone-soaked
cleaning cloth and then sonicated in acetone fanitb They were then rinsed with deionised water
and finally dried under a flow of nitrogen. Thersgioater (Laurell, Model WS-650Mz-23NPP) was
programmed to first spin at 500 rpm for 15 sec §ghd), and then at 6000 rpm for another 15 sec
(phase 2). Approximately 0.1 mL of ZnO/ligand dispen was added onto the spinning glass with
a syringe during phase 1. At the end of phasee?pthcess was repeated another 9 times to achieve
a suitable film thickness for UV-visible spectropgcstudies. The thickness of deposited ZnO/1,2-

ethanedithiol film was about 35 nm as determined Bektak profilometer.

Nominal coverage of ZnO nanocrystals by added thiol ligands

In discussing adsorption of the ligands onto théDZmanocrystals we consider a calculated
maximum nominal fractional surface coveradk,). The value forg,,m of the ZnO nanocrystals
was estimated by assuming (a) the nanocrystals sgdrerical, (b) adsorption could occur equally
on all surfaces and (c) that adsorption involvimiyane of the thiol functional groups occurred.

The following equations were derived using theseiagptions.

Bnom = ﬁMR (1)
__ ALigtim)PznoDncNa
p = ambone )

The parameteR is the mass ratio of added ligand to nanocrysisgsl, i.e.MR = Cy;¢/Czno Where
Ciig is the concentration of ligand (w/v%). For eq {2 parameter8yigm, Ozmo, Dnc, Na andMig
are the cross-sectional area per ligand molecuborbdd, density of ZnO, diameter of the
nanocrystals, Avogadro’s number and the molecukeight of the ligand, respectively. AR igm)

value of 22A2 for thiol adsorption on the nanocrysfilwas used for this study. The value fBko
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used wa® 5.6 g/cni and aDyc value of 3.9 nm obtained from TEM was used (latéglues for3
were calculated for the ligands and appear in Tableis understood that ZnO nanocrystals are not
spherical and that adsorption of thiols does natuponto all surfaces equalfy Furthermore,
bidentate adsorption may occur for the dithiolsv@&ttheless, the values fého, calculated from
eg. (1) provide a useful means for gauging theceffeness of ligand-triggered aggregation as will

be shown.

Physical M easurements

UV-visible spectra were obtained using a Hitachi&D0 spectrophotometer. The data were used
both to estimate ZnO nanocrystal size and alsorébgynanocrystal aggregation. The ability of
dispersions to scatter light varies with the extdrdggregation and can be studied sensitivelygusin
turbidity (7) - wavelength measurements. This method has beedelywused for polymer
dispersion® ** and has more recently been applied successfulktudy aggregation of hybrid
polymer/ZnO nanocrystal fili& Following Long et af' and Heller et af’ the r value for a

dispersion varies as:

(E)H) = kA" ©)

c

wherec andA are the concentration and wavelength, respectividlg value fok is a constant for
the system studied. The value foris the wavelength exponent and is determined from -
dlogr/dlog/d. The n-value is sensitive to aggregation and decreasesptyp when aggregates
form®.. The value forris proportional to the numerical value of the absace 4) in regions of the
UV-visible spectra where absorption of light do metur (> 350 nm in Fig. 2c, discussed below).
Because the spectra discussed here show both tiesim absorbance of light by the ZnO
nanocrystals (a < 350 nm) and light scatteringl (> 350 nm) the numerical value for the
absorbance has different meanings depending. ddtrictly, the spectra should be considered in

terms of optical density in the scattering regiblowever, to reduce complexity, and to maintain
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consistency with related studies which also userdlasice values to consider light scattering from
nanocrystaf€, we use absorbance only in this study. Accordingte n-values were determined

from - dlogd/dlogA plots.

TEM measurements were obtained using a Philips CRIAD kV instrument. Dispersions were
prepared and a holey carbon grid used to captuhem@let (after 5 min mixing) which was then
allowed to dry at room temperature. SEM of spintedalispersions was performed using a Philips
FEGSEM instrument. Optical microscopy was conductgth an Olympus BX41 microscope.
Dynamic light scattering (DLS) measurements wergiexh out using a 50 mW He/Ne laser
operated at 633 nm with a standard avalanche piooked(APD) and 90° detection optics
connected to a Malvern Zetasizer Nano ZS90 auteledar. These measurements were conducteq

using a CHGJ:methanol cosolvent blend following our earlier Wr

RESULTSAND DISCUSSION

ZnO nanocrystal characterisation

As reported earliéf ZnO nanocrystals spontaneously dispersed in cesblblends of methanol
and chlorobenzene (90 vol.% chlorobenzene). Théslgent blend was used throughout the study
unless otherwise stated. TEM analysis (Fig. 2a)wvsgldothat the ZnO nanocrystals had a TEM
number-average diametdd{gy) of 3.9 nm (coefficient of variation = 18%). Highsolution TEM

(Fig. 2b) showed the crystalline nanocrystal natwaté lattice fringes evident.
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S 0.4- Wavelength / nm
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(c) 300 400 500 600 700
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Fig. 2. Characterisation of ZnO nanocrystals. TEM images are shown in (a) and (b). A UV-visibfgectrum for the
dispersion is shown in (c). The value Ay is explained in the text.

ZnO nanocrystals show quantum size dependent bapd fpr sizes less than about 7°3hm
Meulenkamp® established an empirical relationship between the (wavelength at which the
absorbance is 50% of the peak value) and the ngstatisize. Using ady, value of 347 nm (Fig.
2c) and Meulenkamp’s expression (12404 = 3.301 + 294D .is > + 1.09D..is) gave a particle
diameter from the UV-visible spectroscopy data & Bm. The latter value agrees closely with

Dtem (above). We used th2rgy value for this study.

Effect of added 1,2-ethanedithiol on ZnO nanocrystal dispersion stability

Addition of 1,2-ethanedithiol to dispersions contag C,c values of greater than 0.12% caused a
noticeable and rapid increase in turbidity if M& value was greater than equal to 0.10 (depending
on Cz0). A colloidal stability phase diagram was constedcfrom observation of a range of
Zn0/1,2-ethanedithiol dispersions (Fig. 3a). (Insagéthe dispersions used are shown in Fig. S1.)
The onset of turbidity, and hence aggregation, fageured by increasinyyIR (at fixed Cz,0) or

Czno (at fixedMR). By contrast addition of 1-hexanethiol (a monafimnal ligand, Fig. 1) to ZnO
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dispersions NIR = 1) did not result in aggregation (See inset if. I53a). The inability of 1-
hexanethiol to trigger ZnO nanocrystal aggregastongly implicates the bifunctional nature of
1,2-ethanedithiol in the triggered aggregation thaturred for ZnO/1,2-ethanedithiol dispersions.
The ability of added bifunctional thiols to triggaggregation of ZnO nanocrystal dispersions has

not been reported previously to our knowledge.

10— A 151
1— : 4 51
] A
x A 3
S <
A
0.14 N 1 0.51
001 & a 1 005 &
0.01
(a) ( " e 100 N

Fig. 3. Aggregation of ZnO/1,2-ethanedithiol dispersions (a) Phase diagram with representative tube imaggs.
values are shown on the vials and also the rightifzis. (b) and (c) show SEM images of the driedsgmple from
(a). The outline in (c) highlights a primary aggatsy

Particulate gels can occur for destabilised dispessprovided® the particle-particle bonds are
sufficiently strong to prevent rearrangement andjregate densification and the particle
concentration is sufficiently high. Accordingly, Ig®rmation was tested using a concentrated
Zn0/1,2-ethanedithiol sample wily,o = 5 % andVIR = 0.8. The particulate ZnO nanocrystal gel
which formed (Fig. 3a) had a ZnO volume fraction~ofL vol.% This result shows that a high
porosity, space-filling interconnected nanocrystatwork formed. The latter conclusion is
supported by SEM images (Fig. 3b and c¢) wherentlmseen that the ZnO nanocrystals adopted a
space-filling network structure. The primary aggteg that formed the struts of the network had a
size of ~ 30 — 50 nm and were relatively large carag@ to the ZnO nanocrystal size of 3.9 nm (Fig.

2a).
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UV-visible spectroscopy was also used to studygéigd aggregation of ZnO nanocrystals
dispersions. Kinetic studies showed that triggessjregation of ZnO dispersions occurred
immediately after addition of 1,2-ethanedithiol FiS2). The data showed that the initial
absorbance increased by more than a factor of tonde 1 s after mixing and confirm that
adsorption of 1,2-ethanedithiol to the surfacehnaf ZnO nanocrystals occurred rapidly. Thiols are
known to adsorb as thiolate on PB&ed ZnG? and we assume a similar mechanism operates for

1,2-ethanedithiol for ZnO nanocrystals.

A series of UV-visible spectra also revealed thateases in absorbance occurred across the whole
wavelength range when 1,2-ethanedithiol was addednO dispersions and this increased with
concentration (Fig. 4a). By contrast addition ohexanethiol to ZnO dispersions did not
significantly affect the turbidity. (A digital phograph of a ZnO/1-hexanethiol dispersion is shown
in Fig. S3a). The absorbance values were not diraifgcted by addition of 1-hexanethiol foiR
values of 0.01 to 100 (Fig. S3). The minor increasthe absorbance apparent for those data in the

vicinity of 350 to 400 nm is not considered sigeuint.

14
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Fig. 4 Effect of added 1,2-ethanedithiol on the UV-visible spectra for ZnO dispersions. (a) shows spectra for the
Zn0/1,2-ethanedithiol dispersion. (b) shows thectpeplotted in log-log form to illustrate light &tering by the
aggregates.

The absorbance increase for the wavelength regeatey than 350 nm for ZnO/1,2-ethanedithiol
(Fig. 4a) is governed by scattering caused by Z@a@oarystal aggregation. The importance of

scattering was tested by constructingAogs. logl plots for ZnO/1,2-ethanedithiol (Fig. 4b) and
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ZnO/1-hexanethiol (Fig. S3b) dispersions. In thesecaf the 1,2-ethanedithiol dispersions
significant scattering was observed witm-galue of about 3.0. This result supports the vibat
1,2-ethanedithiol triggered ZnO aggregation at R values. The extent of scattering for the
ZnO/1,2-ethanedithiol dispersions increased WMR (and hencefy). The turbidity of the
dispersions increased witiR (Fig. S1). The increase ®fiR was caused by an increase in the

volume fraction of aggregates present and / or thagrage size.

Comparison of triggered aggregation of ZnO dispersions using 1,2-ethanedithiol and 1,2-
benzenedithiol

The importance of bifunctional ligand structuretdggered aggregation was probed by comparing
the effects of added 1,2-ethanedithiol and 1, 22benedithiol on dispersion stability. We selected
1,2-benzenedithiol for comparison because it hasaller size than 1,2-ethanedithiol (Table 1). It
also has a lowagiK, (Table 1) and consequently differences in aggregaéndencies were likely if

either factor contributed to aggregation.

UV-vis. spectra are shown in Fig. 5a for ZnO dispers in the presence of added 1,2-
benzenedithiol, 1,2-ethanedithiol and 1-hexanetl@blIMR = 1. The strong increase in the
absorbance at wavelengths greater than 350 nmnpdte throughout the visible range, is
immediately apparent for added 1,2-benzeneditfioé latter ligand does absorb lightAatvalues

of less than 450 nm (Fig. S4). For ZnO contairiti§ =1, the concentration of 1,2-benzenedithiol
was about 1 mM. Using the measured spectrum febérizenedithiol (from Fig. S4) a maximum
absorbance at 380 nm due to 1,2-benzenedithiol.@8 @an be estimated for the ZnO/1,2-
benzenedithiol dispersiodMR = 1) shown in Fig. 5a. Consequently, the overwlainmajority of

the absorbance values for the ZnO/1,2-benzenetgpextra at wavelengths of greater than ca. 380
nm originated from the ZnO nanocrystals. Thereftie, strongly increased absorbance values in
the visible region for ZnO/1,2-benzenedithiol wasedto enhanced light scattering by ZnO

aggregates.
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Fig. 5. Comparison of colloidal stability for various ZnOl/ligand dispersions. (a) shows UV-visible spectra for
various ZnOlligand dispersion®R = 1). A log-log plot of the data is shown in (§¢) shows the variation of the
absorbance at 450 nm wiMR for the ZnOlligand dispersions. The inset shovestariation of the absorbance with

Gome (d) shows images of ZnOlligand vials. The vali€go was 0.2 %. Thé,,, values are shown on the vials.

Fig. 5b shows log-log plots foA vs. A. Linearity is evident for the dispersion contamifh,2-
benzenedithiol with & value magnitude of 3.5 and is comparable to thatHe 1,2-ethanedithiol
dispersion (3.0, from Fig. 4d). The most importafitference for these spectra is that the
absorbance values for ZnO/1,2-benzenedithiol irg@aby about an order of magnitude. The
intensity of light scattering greatly increased evhimplies a much higher volume fraction of
scattering particle and / or their size was indudsd 1,2-benzenedithiol compared to 1,2-
ethanedithiol. These data imply that 1,2-benzehgditis more efficient at triggering ZnO

aggregation compared to 1,2-ethanedithiol.

Fig. 5¢ shows the variation of the absorbance medsat 450 nm wittMR measured after 5 min of

mixing. The use of absorbance data at 450 nm esmsnegligible contribution from 1,2-
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benzenedithiol at alMR values. The absorbance values for the ZnO digpesstontaining 1,2-
benzenedithiol were much higher than those comtgifi,2-ethanedithiol or 1-hexanethiol at the
sameMR. A strong increase of absorbance for the ZnO/gj2zbnedithiol dispersion occurred at
MR = 0.01 which suggests more pronouneedorption of this ligand onto the nanocrystals. By
contrast addition of 1-hexanethiol did not affde¢ absorbance. Whilst it is highly likely that 1-
hexanethiol adsorption did occur (as reported fetated monofunctional thiols for ZnO
elsewher®) this did not detract from dispersion stabilitichase adsorption of 1-hexanethiol could
not trigger bridging due to its monofunctional matuWe propose that 1-hexanethiol acted as a

stabiliser for ZnO via the hexyl groups.

From eqg. 1 and 2 avR value of 0.01 corresponds &y values of 0.05 and 0.03, respectively for
1,2-ethanedithiol and 1,2-benzenedithiol. (The diemace data are plotted as a functiorggf, in

the inset of Fig. 5c.) It is remarkable that suclsnaall coverage by 1,2-ethanedithiol or 1,2-
benzenedithiol is sufficient to trigger aggregataiithe ZnO nanocrystals. This result implies that
relatively few 1,2-ethanedithiol (or 1,2-benzenkidit) molecules are required to trigger ZnO
nanocrystal aggregation. It can be shown thé{,avalue of 0.05 corresponds to an average of 11
1,2-ethanedithiol molecules per ZnO nanocrystahdes for dispersions at high@g, values (Fig.

5d) are generally in agreement with the order efdhsorbance values shown in Fig. 5¢c. The data
shown in Fig. 5 enable an order of the tendendh@fadded thiol ligands to trigger aggregation for
ZnO nanocrystal dispersions to be proposed; theeggtjon tendency decreases in the order 1,2-

benzenedithiol> 1,2-ethanedithiol >> 1-hexanethiol.

To further probe ligand triggered aggregation a Bh&ly was conducted. DLS, which measures z-
average diameterslj, is very sensitive to aggregates. Although th® Zhspersions used for the

dispersion stability studies (Fig. 4 and 5) had kowbidities in the absence of added ligand, they
were not well suited to DLS studies due to the gmee of aggregates. Earlier work showed that

ZnO nanocrystals dispersed in CR@lethanol cosolvent blends gave hydrodynamic diaraghat
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were comparable to theey valu€®. Accordingly, a CHGtmethanol cosolvent blend (82 vol.%
CHCI3) was used here for the DLS study. Data for the drgpersion are shown in Fig. 6a(i). The
DLS data show a peak size of 10.1 nm which is etdre of good nanocrystal dispersion. This
conclusion is supported by the observation thatdiepersions had high transparency. Because of
the latter a highCz0 value (1.3 %) was required to obtain sufficieratsering for reliable DLS
measurements. Exact agreement betweerdthalue (26 nm) and th®wew (3.9 nm) was not
expected becaus# values are dominated by the largest particlesggremates. The data (Fig.
6a(i)) indicate that some small aggregates weresepte in the absence of added ligand.
Nevertheless, these dispersions had a high propodf dispersed nanocrystals and were well

suited for a DLS study of triggered aggregation.
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Fig. 6. Aggregation of ZnO/1,2-ethanedithiol dispersions studied by DLS. (a) shows the size profiles obtained for
the dispersions at different times (min) after &ddiof 1,2-ethanedithiol. (b) shows the variatadrd, and the PDI with
time. The lines in (b) are guides for the eye. thaise measurements a Chifflethanol cosolvent blend was used (see
text). The values ofz,0 andMR were 1.3 % and 1.0, respectively.

DLS data were obtained 6.5 and 12 min after addittd 1,2-ethanedithiol to study triggered
aggregation (See Fig. 6a(ii) and (iii)). Clearlyppounced and rapid aggregation occurred for the

dispersions after addition of the ligand. The speciesponsible for the peak size of 10 nm (Fig.
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6a(i)) completely disappeared after 6.5 min inghesence of the ligand. We can therefore conclude
that the yield of aggregates produced upon addaifoh,2-ethanedithiol after a mixing time of 6.5
min was 100% using the conditions reported hereartbe seen from Fig. 6b that the valuedjor

and polydispersity index (PDI) increased considigrab a result of triggered aggregation.

DLS experiments were also conducted for the ZnGkj2zenedithiol dispersion using the same
conditions as those used for Fig. 6. A viscousjithrpaste formed immediately for the ZnO/1,2-
benzenedithiol mixture. For this system excessigpatsion aggregation occurred and accudate

values could not be measured. In summary, theseriexgnts show that rapid and highly efficient
triggered aggregation occurred when 1,2-ethaneditand 1,2-benzenedithiol were added to

dispersed ZnO nanocrystals and support the dispessability studies discussed above.

Effects of added ligands on the mor phology and light scattering of spin-coated ZnO films

An aim of this study was to determine whether theitu triggered aggregation could be used to
enhance light scattering of spin cast ZnO nanoahyiims. This approach would, in principle,
provide a simpler alternative approach to preparmgroved ZnO photoelectrodes for DSSCs
compared to that developed earlier involving sysithef pre-aggregated ZnO nanocry$tdfs The
starting point for our approach is well defined Znénocrystals (Fig. 2). We show below that for
spin-coated films prepared by triggered aggregatiwa populations of ZnO aggregates were

present: nanometre-scale primary aggregates ager lanb-micrometre scale secondary aggregates.

Optical micrographs of the spin-coated films shovede differences between the spin-coated
Zn0/1,2-ethanedithiol and ZnO/1,2-benzenedithiohdi (Fig. 7a and b) with many large secondary
aggregates evident for the latter. However, theas htle discernible difference between ZnO/1,2-
ethanedithiol (Fig. 7a) and ligand-free ZnO (Fig) #lms. Low magnification SEM images (Fig.
7d - f) showed that some aggregation occurred Mofilans during spin-coating. However, the
aggregates were distinctly larger and more prevdéterthe ZnO/1,2-benzenedithiol films. We term

these sub-micrometre sized species as secondarggages. They can also be seen in Fig. S5,
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which shows a larger area of film. The depositedOAn2-benzenedithiol film contained

polydisperse secondary aggregates with range e$ sizthe region of ~ 200 to 700 nm.

Zn0/1,2-ethanedithiol
.
(a) 10 pm

Fig. 7. Effect of added ligand on the mor phology of spin-coated ZnO nanaocrystals. Optical micrographs (a — c) and
SEM images (d — |) obtained of spin-coated nandatydms. The values foMR andC,,o were, respectively 0.2 and
0.16%. The arrows in (e) and (h) show secondaryremgges and voids, respectively. Primary aggregates

highlighted in () - (I).
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Higher magnification SEM images (Fig. 7g - I) alsbowed small primary aggregates. There
appeared to be a difference in the size of the gagnaggregates with those for the ZnO/1,2-
benzenedithiol film being larger than those for Zh@-ethanedithiol. The primary aggregates were
also probed using TEM (Fig. 8) and a differencsiaes could also be seen. The primary aggregates
for deposited ZnO/1,2-benzenedithiol (Fig. 8b) weré0 nm; whereas, the primary aggregates for
deposited ZnO/1,2-ethanedithiol (Fig. 8a) were ~nbd. Higher resolution TEM images were
obtained of the ZnO primary aggregates for ZnOHegRBzendithiol (Fig. S6) and individual ZnO
nanocrystals could be seen. These data confirm tti@tprimary aggregates comprise ZnO
nanocrystals. Aggregated nanocrystals are considergore attractive means for scattering light in
DSSC photoelectrodes compared to addition of ldrgeogeneous particles because the high
surface area remains available for the fofmAn accessible, high, photoelectrode surface area

maximises DSSC power conversion efficiency.

(a) zn0/1,2-ethanedithiol (b) Zn0/1 2- benzenedlthlol

4

z
a

______________________________________________________

Fig. 8. TEM images for ZnO/ligand mixtures. (a) shows images for ZnO/1,2-ethanedithiol. (b)veh images for
Zn0/1,2-benzenedithiol. Selected primary aggregatesndicated with outlines. The conditions wére $ame as those
used for Fig. 7
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The differences noted above in the sizes of thegmny aggregates were reflected by the apparent
porosities evident from these images. The ZnO/&2zbnedithiol films had the greatest porosity as
judged by SEM (Fig. 7e and h). The primary aggregate and porosity of colloidal networks
generally increase with aggregation fateith fast aggregation generally giving more porous
network$® * It can be proposed that the triggered aggregdtiorthe ZnO/1,2-benzenedithiol
dispersion was closer to diffusion limited compatedhat for ZnO/1,2-ethanedithiol. It follows
that the energy barriers that opposed aggregatiotheo ZnO nanocrystals were lowest in the

presence of added 1,2-benzenedithiol.

The UV-vis spectroscopy data for the spin-coatdmisfi(Fig. 9) showed that pronounced light
scattering was present for the ZnO/1,2-benzenediithanocrystal films. The extent of light
scattering was enhanced throughout the visibleerambe scattering of visible light is maximised
when particles (or aggregates) have a size thaingparable to the wavelength. The enhanced light
scattering observed for the ZnO/1,2-benzeneditfilod is attributed to the presence of the
polydisperse sub-micrometre sized secondary aggeda 200 to 700 nm) identified above (Fig.

7e and Fig. S5).

—— Zn0/1,2-benzenedithiol (MR = 0.2)
Zn0/1,2-ethanedithiol (MR = 1)
—— Zn0/1,2-ethanedithiol(MR = 0.2)

08| 7%
0.7 1 0,061
0.6 8
o S 0.04]
o]
L 0.5 5
= 1 2 0.02]
2 0.4 <
O -
2 0.3 0.00-
< 22 300 350 400 450 500 550 600 650 700
0.2+ Wavelength / nm
0.1
_::::\
0.0- —_—

300 350 400 450 500 550 600 650 700
Wavelength / nm

Fig. 9. Effect of added ligands on the UV-visible spectra for spin-coated ZnO nanocrystal films. The MR values
are given in the legend. For all filn®,o = 0.16 %.
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Because the UV-visible spectrum for the spin-co&a@/1,2-ethanedithiol flmMR = 0.2) was
similar to that for the ligand-free deposited ZnBdg( 9) there was less evidence of differences
between the light scattering of these films. Thservation matched the morphological similarities
noted above for the ZnO/1,2-ethanedithiol and Zi@sfin Fig. 7. It follows that 1,2-ethanedithiol
(MR = 0.2) was less effective at causing large-scadephology changes for spin cast ZnO/1,2-
ethanedithiol. The attractive inter-nanocrysta¢rattions present for ZnO/1,2-ethanedithiol system
were probably weak compared to the shear and agpiibrces that were operative during the spin-
coating proce$8 However, pronounced light scattering extendinghfer into the visible region
could be achieved for the ZnO/1,2-ethanedithighéilby increasing th®IR to 1.0 as can be seen
from the increased absorbance values in the vis#dgon of the UV-visible spectrum for the
Zn0/1,2-ethanedithiolMR = 1.0) film in Fig. 9. This result shows that teent of light scattering
within these deposited ZnO nanocrystal films istlrle via bifunctional ligand concentration. This

result is potentially important for future DSSC Wwavhere light scattering tuning is important

Proposed mechanism for bifunctional ligand trigger ed aggr egation of ZnO dispersions

What is the mechanism for triggered aggregatioratiged ligands? An important experimental
observation noted above is that ZnO nanocrystgledssons in methanol are turbid. However,
addition of chlorobenzene caused spontaneous exdisp of the ZnO nanocrystals as evidenced
by a major decrease of turbidity. In the followinwg propose an explanation for this observation
and extend it to propose a mechanism for triggaggtegation of ZnO nanocrystal dispersions by

added bifunctional ligands.

The total two-particle interaction energyy) for nanocrystals containing an adsorbed ligayerla
dispersed in a solvent can be considered in tefM@BLYO theory combined with a sterically
stabilising ligand layéf. Fig. 10a depicts the geometry for the ZnO narsiaty dispersions. The
nanocrystals are approximated as spheres of ragiusth an adsorbed ligand (acetate) layer with a

thickness of.
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Fig. 10. Proposed mechanism and stability testing for triggered aggregation of dispersed ZnO nanocrystals. (a)
shows the geometry for the nanocrystals (b) shbesélculated two-particle total interaction enecgyes (see text).
(c) Images of ZnO dispersions containing added é&eethiol and 1,4-benzenedithidlliR = 1 andCz,c = 0.2 %). The
G.om values are shown. (d) Proposed mechanism for digaggered aggregation. Bifunctional or monofuontl
ligands cause bridging aggregation or confer s&gbilisation for ZnO nanocrystals, respectivétythe case of strong
triggered aggregation primary aggregates can fugibgregate to give sub-micrometre sized secoraiggyegates.

The following equation applies for nanocrystalstia absence of dipole-dipole interactitns

Vr = Vyaw + Vetec + Vsteric (4)

where Vugw, Vaee and Vgeric are the interaction energies due to van der Wasdkractions,
electrostatics and steric effects, respectftfeBecause chlorobenzene has a low dielectric consta
we assume negligible electrostatic interactiongpaesent (i.e.Vaec = 0). A similar assumption has
been made elsewhere for a related sy&tein the case whera is comparable to the inter-

nanocrystal separatiof), thenVigy, can be described by

_ _Aeff 1 1 x(x+2)
Voaw = 12 |x(x+2) (x+1)Z e +1)2]l ()

wherex = H/2a, and
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[ a1)2 1/2 2
Aeff - (AZnO - Asolv) (6)

The parameterfe, Azno andAgyy are the effective Hamaker constant, Hamaker cohstaznO

and Hamaker constant of the solvent, respectively

The termVgeric Originates from the energy required to compresdigplace the ligand film and is
assumed to be a step-function and is zero when2d and approaches infinity wheth < 20. ZnO
nanocrystals contain residual acetate lighrfdsRhodes et al., estimated that about 30% of the
available surface contained acetate grélip8onsequently, steric stabilisation afforded bgsth

small and sparsely distributed surface acetatepgrebould be rather limited.

The values folAzno, Auecon andAcez are 92 zZ 42 39 z8° 80 zJ". These data givA«: values for
ZnO dispersed in methanol and chlorobenzene ok®2.@nd 0.11 KT, respectively. Fig. 10b shows
the variation ofV{/KT calculated using thes&s values. WherH decreases to below 10 (the
maximum estimated value ob2or touching acetate-covered nanocrystals) thenmade ofV+/KT
increases for ZnO nanocrystals in methanol. Theahctalue for 2 may approach zero as the
acetate coverage of the nanocrystals is low (abo¥@¢h means that the relatively large spaces
between the sparsely distributed acetate groupsdwauour inter-nanocrystal contact according to
Fig. 10b becausel would approach zero. When the aggregates are addedlorobenzene the
magnitude ofV+/kT should decrease dramatically (<< 1, Fig. 10b) &awbur redispersion as a
consequence of the greatly dimish&g (above). This major decrease \éf would help explain

why ZnO nanocrystals spontaneously redisperselorabenzene cosolvent blends.

Turning now to the case of added ligands we cao ate Fig. 10b. We first consider possible
ligand exchange of acetate as a consequence battsorption. The adsorption of the thiol ligands
onto ZnO is fast (as evidenced by Fig. S2). Thedssl ligands should not be shielded by residual
acetate, which is smaller than 1,2-ethanedithidl,@rbenzenedithiol. It is difficult to find staiby
constant data for the ligands used in this study. (E). However, a model may be found by

comparing the affinity of aspartic acid and cystefar Zn. The first stepwise binding constants for
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these ligands are close to®18nd 18, respectivel{’. These numbers are macroscopic and will
reflect the affinity of the thiolate of cysteineaftially deprotonated) for the metal and the

carboxylate of aspartic acid (fully deprotonateglen so this difference amounts to a factor of 10
in favour of S-binding or a free energy differermfe~ 17 kdmof at room temperature. These
numbers suggest that on a labile metal such ah&nlisplacement of a weak carboxylate ligand

(e.g., acetate) by added thiol under ambient cammditshould be favourable and potentially rapid.

When the nanocrystals dispersed in chlorobenzenkdecothe bifunctional thiols lock the
nanocrystals together. This process is a bridgggyeyation mechanism. The calculatédvalues

in Fig. 10b are too small in the presence of clderzene for a/q, dominated aggregation
mechanism to apply. An alternative explanation dithiol-triggered ZnO aggregation is that
adsorption of the thiol ligand caused displacenadra sterically stabilising ligand layer and that
aggregation occurred due to a dominanc&-otlue to a strongev,q, contribution than expected
from the calculations above. If that were the ctn addition of benzenethiol (monofunctional
aromatic thiol, Fig. 1), which is smaller than b@azenedithiol or 1,2-ethanedithiol), should cause
aggregation. This proposal was tested (Fig. 10c) aggregation wasot observed. This test
strongly supports our proposed bifunctional briggmechanism. Furthermore, the ability of these
bifunctional thiol ligands to bridge dispersed nemystals adds weight to the view that such
bridging can also occur when added to spin-coasederystal films prepared by SSLE as proposed

by Klem et af

Fig. 10d(i) depicts the bridging of neighbouring@nanocrystals by bifunctional (bilinker) ligands
and is proposed to apply for both 1,2-ethanedithia 1,4-benzenedithf8l®® 1,2-benzenedithiol

is well known to prefer bidentate binding, i.e.ttwiboth thiolate groups binding to the same’site
Furthermore, adsorbed 1,2-benzendithiol can forngremates on surfaces which implies
favourable intermolecular attractions can occuretHae assume that 1,2-benzendithiol adsorbs to

the nanocrystals in a bidentate manner. To exglanstrong aggregation observed for dispersed
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ZnO nanocrystals when 1,2-benzenedithiol was addedtentatively propose that bridging of
neighbouring ZnO nanocrystals occurred via aryl-apn-covalent interactions (Fig. 10d(ii)). This
general type oft-stacking has been reported for related systensesumably, for adsorbed 1-
hexanethiol (Fig. 10d(iii)), or benzenethiol, thentination of lack of conjugation (for 1-
hexanethiol), lower surface ligand concentratiom, greater flexibility of orientation (for
benzenethiol) prevented bridging and, hence, agdjeyg after adsorption. The bridging

mechanisms that operate for these systems willuskesl further in future work.

The mechanism above does explain the observatioaggpegation in the presence of bifunctional
thiol ligands. However, it does not explain the erfvation of stronger aggregation for ZnO
nanocrystal dispersions in the presence of addeédbenzenedithiol compared with 1,2-
ethanedithiol. There are two alternative explamatipossible. The first is that aggregation is gneat
for 1,2-benzenedithiol due to the lowa{, of that ligand compared to 1,2-ethanedithiol (Eab).

A lower pK, can be expected to provide a greater concentrafiadhiolate groups for adsorption.
The second possible explanation is that the exténaggregation increases with decreasing
bifunctional ligand size due to a higher surfacecamtration of adsorbed bifunctional ligands that

can subsequently bridge neighbouring nanocrystads inter-nanocrystal collision.

We tested aggregation using 1,4-benzeneditipidl € 9.4), which is a significantly larger ligand
compared to 1,2-benzenedithiol (Table 1). A moderairbidity was observed when 1,4-
benzenedithiol was mixed with ZnO (Fig. 10c) at g#smeMR (of 1.0) that was used for 1,2-
benzenedithiol and 1,2-ethanedithiol earlier (FHd). It follows that 1,4-benzenedithiol was less
efficient at triggering aggregation than 1,2-berehthiol. This result is expected on the basis of
both the increased size and relatively hptfa of 1,4-benzenedithiol (Table 1). Both factors vebul

decrease the number of inter-nanocrystal linkagesipit area for bridging aggregation.
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CONCLUSIONS

In this study the triggered aggregation of ZnO maystals caused by bifunctional thiol ligands was
studied. Space-filling aggregates formed upon amdif 1,2-ethanedithiol with a gel observed at a
nanocrystal volume fraction of only 1 vol.%. Fordad 1,2-ethanedithiol and 1,2-benzenedithiol
triggered ZnO aggregation occurred at very lowrdyaoncentrations and could be detected by
UV-visible spectroscopy measurements wiles was 0.05 and 0.03, respectively. The mechanism
for bridging aggregation was explained in termsDafVO theory. The efficiency of triggered
aggregation was greatest for 1,2-benzenedithiolciwtvas attributed to this ligands smaller size
and lowerpK,. Both of these factors promote more inter-nandatyskages per unit surface area
in the aggregated state. The 1,2-benzenedithiahtigoromoted formation of secondary aggregatec
which scattered light strongly in the visible ragifmr spin-coated ZnO films. All of the data point
to a stronger inter-nanocrystal attraction whenlg@zenedithiol was used. Considering the ligands
in Fig. 1 as a toolbox for triggered aggregatioe, aan suggest an ordering of ligand effectiveness
for triggered ZnO dispersion aggregation and endéright scattering of deposited films. The
effectiveness decreases in the order 1,2-benzaimdit 1,2-ethanedithiol ~ 1,4-benzenedithiol >>
benzenethiol ~ 1-hexanethiol. Furthermore, the datdy that photoelectrodes that give enhanced
light scattering should be able to be preparedd&SCs using triggered aggregation of ZnO
nanocrystal dispersions using added 1,2-benzen@dathd in situ aggregation. The extent of light
scattering of spin-coated ZnO nanocrystal filmgppred by triggered aggregation can be improved
by either using 1,2-benzenedithiol or using reklivhigh 1,2-ethanedithiol concentrations. This
approach may provide a simpler method for photdelde construction compared to the pre-

aggregation method that has been used for DSSCs
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