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Observation of solvatochromism in CdSe colloidal quantum dots
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We report solvatochromatic shifts in the absorption spectra of colloidal CdSe quantum dots that are consis-
tent with the change in polarization energy of the quantum-confined exciton. Good agreement with theory is
found when the screening from the ligand shell is included. The polarization energy also accounts for the
spectral shift between dilute dispersions and close-packed quantum dot solids. Experiments with pure and
mixed-size quantum dot solids suggest that solvatochromism dominates the redshift observed with quantum
dot (2—6-nm diametersolids.
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[. INTRODUCTION nances on nearby particles results in a dramatic color
changé® that can be used in colorimetric based detection
Semiconductor quantum dot€D’s) are of interest as schemes for nanoparticle tagged biomolectfeSeveral au-
model systems to study the transition from molecular tothors have observed redshifts of the absorption edge when
bulklike material properties? As well, a variety of device close-packed films of colloidal semiconductor QD’s are
applicationd have been proposed including photovoltdiés, prepared®2* For very small clusters, it has been suggested
flash memory, and single-photon detectof&fficient opera-  that the redshift is due to guantum-mechanical coupling of
tion of many of these devices as well as interpretation ofadjacent QD'$®> We examine this hypothesis by comparing
single-charge tunneling spedireequires a detailed under- the absorption shifts of monodisperse and mixed-size QD
standing of the energy required to add or to remove a chargsplids. Our analysis suggests that for larger clust2s$-nm
from the QD. For semiconductor QD's, the charging energygiametef the absorption shift is dominated by the effect of
depends on both the direct Coulomb interaction of chargeghe external dielectric environment.
confined to QD and the polarization energy due to the dielec-
tric environmenf Numerous theoretical papers have pre-
sented calculations of the polarization energy as a function of
QD siz€ ' and shapé® Inzddition, the die?gctric environ- Il EXPERIMENT
ment may be important in the presence or absence of surface CdSe QD’s passivated by tri-octylphosphine/tri-
states:”1® However, these effects have not been studied exectylphosphine oxidéTOP/TOPQ ligands are prepared fol-
perimentally until now. lowing the method of Murray, Norris, and BawerfdiQD’s
Since they may be easily dispersed in a variety of solventare isolated from the excess TOPO/TOP by repeé&ied
with different dielectric constants, colloidal semiconductorsize selection frorm-butanol/methanol dispersions followed
QD’s are a convenient system in which to test theoreticaby drying under vacuum. To form close-packed QD solids,
models of the polarization energy. The QD optical band gagoncentrated dispersions-100 mg/m) of QD’s in 90%
is predicted to depend weakly on the dielectric environmenhexane/10% octane are drop cast on clean microscope slides
through interaction of the exciton with the same surface poto form optically clear and thin films. Tri-butylphosphine/tri-
larization charge that affects the charging enérgn mol- butylphosphine oxid€TBPO/TBP passivated QD’s are pre-
ecules, the analogous effect is known as solvatochromisrpared by repeate®x) dissolution in neat TBPO/TBP and
and arises from dipolénduced dipole or dispersion inter- stirring overnight at 60°C. QD radfi and interparticle
actions with the solvent moleculé$? In this article, we separatioff in QD solids are quoted from previously pub-
show that the optical band gap of colloidal CdSe QD'’s is lesdished results.
sensitive to the dielectric environment than predicted from Linear absorption spectra are obtained using a Cary 5E
currently available models unless screening from the ligandiv—visible—near-infrared scanning spectrophotometer oper-
shell is taken into account. ating in dual-beam mode with 2-nm spectral bandwidth and
These measurements also allow us to address the imposampling every 0.1 nm. Solution spectra are obtained using
tant question of interdot coupling in close-packed arrays othe same quartz cuvette for both reference and sample. For
semiconductor QD’s. Optical absorption measurements areach sample, an aliquot of the stock dispersion is dried under
commonly used as a probe of interparticle coupling. In pracvacuum to a powder and then redispersed in the new solvent,
tice, changes in the absorption spectrum may be due to theking care to ensure that the QD’s redisperse fully. Spectra
dielectric environment, classical electromagnetic dipole offor close-packed films are obtained using microscope slides
multipole coupling, or quantum-mechanical couplifige., as substrates. Error from the fluorescence of the QD’s is
the wave function is delocalized over more than one QD taminimized by washing the QD’s with methanol several times
form extended statgsFor example, when gold nanoparticles to remove the excess capping ligands and reduce the photo-
aggregate, electromagnetic coupling of the plasmon resduminescence quantum yield te-1%. Photoluminescence
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FIG. 2. Observed and predicted solvatochromatic shifts as a
FIG. 1. Room-temperature linear absorption spectra for 20-Afunction of QD size. Symbols are the observed solvatochromatic
TBPO/TBP capped CdSe QD’s dispersed in various solvents. Thehift between hexane and 3-iodotoluene dispersion. Theoretical pre-
inset shows the first derivative spectra in the region of the lowestlictions based on the inorganic-core—organic-shell model are
energy absorption feature in hexa(®), chloroform(V), toluene  shown for various shell thicknesses with dielectric constant
(M), 3-bromotoluend ¢ ), and 3-iodotoluen€¢A). The zero cross- =2.1.
ing moves to lower energies with increasing solvent dielectric con-

stant. respectively. The theoretical fits in Fig. 3 will be discussed
_ ) in Sec. IV.
guantum yield measurements are made using a SPEX Fluo- By preparing close-packed solids of QD’s one can further
rolog spectrophotometer. increase the external dielectric constant around the QD’s.
Figure 4 shows the reversible absorption shift between a hex-
ll. RESULTS ane dispersion and a close-packed film for 20-A QD’s with

) ) ) . TOPOI/TOP ligands. Each quantum-confined exciton is now
Figure 1 shows linear absorption spectra for 20-A radiUssfrectively embedded in a matrix of CdSe and organic mate-

CdSe QD's with TBPO/TBP surface ligands dispersed inja| To determine the contribution of interdot coupling to the
hexane,  chloroform,  toluene, 3-bromotoluene, andypsorption shift, we prepare 1:10 mixtures of largd-A)
3-iodotoluene(all solvents from Aldrich,>98% purity). D's and small(13-A QD's) and measure the absorption

Each dispersion has an identical nominal concentration ofp;ft with respect to a pure dispersion of the large QD’s. If
QD’s and is optically clear. Within our experimental error,

there is no change in the extinction coefficient of the QD’s.
A slight redshift of the absorption edge is observed with
increasing solvent refractive index. The shift in the first
absorption featurélS,1S;,,, transitiorf®) is more easily ob-
served by plotting the derivative spectiaset of Fig. 2 and
fitting a straight line to the data near the zero crossgpepk
maxima. The higher-energy optical transitions and the band
edge photoluminescen¢BL) also redshift by approximately
the same amount as th&J1 S5, transition. However, since
perturbation theory limits our quantitative analysis of the po-
larization energy to the lowest excited state; from this point
forward we concentrate on theSd1 Sz, transition.

In Fig. 2, we plot the energy difference between QD’s
dispersed in 3-iodotoluene and QD’s in hexane for a size
series of TOPO/TOP capped QD’s. The shift in the

156155/ trapsmon is larger for small QD'615-20 A than FIG. 3. Observed and predicted solvatochromatic shifts with
for "'?“ge QD.S(SO_A'O A. This is gxpected as the quantum- respect to hexane dispersion for th8,1S;», electronic transition.
confined exciton of smaller QD’s is now on average closer tOSymbols are the observed shifts for 20-A QD's capped Wit

the surface polarization_ charge and the s_olvent moleculesopo/rop ligands and®) TBPO/TBP ligands. The observed
We observe that changing the alkane chain lerigtid ef- gt for a close-packed solid of approximately the same size QD's
fectively the distance of closest approach of the solvent mols shown by the squar@). The solid line is the theoretical shift for
ecules to the QD surfageloes not change the solvatochro- this core radius based on Eq8)—(5). The predicted solvatochro-
matic shift significantly. Figure 3 shows data for 20-A matic shift using the core-shell modggs. (5) and (6)] is shown
TOPO/TOP and TBPO/TBP capped QD’s dispersed in thdéor 7-A (dashedl and 11-A (dash-dottefd dielectric shells £,
same solvent series as abdegght and four carbon chains, =2.1) surrounding each QD.

A (meV)
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T " TABLE |. Observed and predicted position of the first absorp-
tion feature for 24-A QD’s as pure dispersions and close-packed
8 / solids, and when mixed with 13-A QD's. The uncertainty is esti-
g £ / mated at+0.1 nm.
=] @
: |2 » Z .
g Sample Observethm) Predicted(nm)
£
; 208 216 224 Large QD dispersion 584.3
| Energy (eV) Large QD solid 585.4 585%3
£ Mixed QD dispersion 584.0 5841
z Mixed QD solid 585.8 5857
584.9
586.7
1.5 20 2.5 3.0 aCore-shell modelb—a=9 A, £,,=2.84.

Energy (eV
nergy (V) bPredicted peak position for spectra0x(small QD dispersion

FIG. 4. Room-temperature linear absorption spectra for 20-A +1X(large QD dispersion
TOPO/TOP capped QD's as a dispersion in hex@odid lines, a  “Mixed dispersion positiofishift based on the core-shell model,
close-packed QD solid on glagdashed ling and the same QD's  £,,=2.58,b—a=9A.
redispersed in hexan@ash-dot-dotted line dPredicted peak position for spectréx (small QD solid}+ B

X (large QD dispersion).

coupling of adjacent QD electronic states is the dominantPredicted peak position for spectréx (small QD solid} B
contribution to the observed shift, then th8,1S;/,, transi-  *(large QD solid).
tion of the large QD’s should not shift in the mixed QD

system. Kagan, ,Murray,_ and ngend| showed that the,oqy energy is estimated &0.1 nm. Table | summarizes the
different-size QD’s remain well mixed and do “°t_phase'observed and predicted energy of tH&,1S,/,, transition for
separate when deposited from hexane/octane soltion. both the mixed dispersions and mixed QD solids.

Typical spectra for the mixed QD's are shown in Fig. 5. \ye simulate the $,1S,/,, transition energy of the large
The simulated mixed spectrutaV-) is determined by mea- Qp's in the mixed QD solid assuming several different sce-
suring the absorption spectra for the pure QD solids or disparios. One possibility is that there is no change in the tran-
persions and then adding these spectra in the appropriaggtion energy of the large QD’s and thus the total absorption
ratio to best match the observed, mixed, spectiiswlid  spectrum is the sum of the small QD solid spectrum plus the
line). Panel B of Fig. 5 shows that a linear combination oflarge QD dispersion spectrufiootnote d. Table | shows
the individual spectra reproduces the energy but not the prehat this senario overestimates th8,1S;,, transition ev-

ergy of the large QD’s. A second possibility is that the mixed

v - QD solid spectrum is a linear combination of the small and
0.06 | B ] large QD solid spectra(footnote ¢. This scenario slightly
underestimates the large QDSJLS;,,, transition energy.
The cases indicated by footnotes a and c are discussed in
Sec. IV.
0.02 ] Before proceeding to a detailed analysis of the effect of
the dielectric environment, it is important to eliminate other
effects that could be causing spurious changes in the absorp-
004t C ] tion spectra. Even for nearly monodisperse QD’s, as used in
this experiment, the remnant size distribution still affects the
shape and energy of the absorption spectrum. If varying

cise absorbance of the large QD’s. The uncertainty in the

it

Absorbance

Absorbance

003 ¢

f

Absorbance

00t solubility of the QD’s was causing the absorption shifts, we
would expect that with increasing solvent polarity, the larg-
0.01 ] est particles would flocculate firgstrongest van der Waals
. interactiong, leading to a blueshift of the absorption spec-
16 20 24 28 32 2.0 2.1 22 .. . .
Energy (eV) Energy (¢V) trum. This is not observed. Furthermore, all the dispersions

_ _ ~were optically clear(optical density<<0.01 below the band
F'G 5. (A) Room-temperat.ure ||nea,|' absorptlon Spectra of dl'gag, Suggesting aggregation is not making a Significant con-
lute dispersions of pure and mixed QD’s for 24-A QIIS), 13-A  {rihytion. Thus we assign the redshift of the absorption spec-

QD's (), a 1:10 mixtur&(Q), and the best fit, linear combination 1o changes in the dielectric environment that perturb the
of the large and small QD spect(&/). (B) Enlargement of the energy of the quantum-confined exciton.
spectra near the band edge for dispersions of large QD’s both when

monodisperse and when mixed with the small QIB) Same as IV. DISCUSSION

(B) but for close-packed films of QD’s. The reference line indicates

the energy of the $,1S;,, transition for a pure dispersion of the In the strong quantum-confinement regime, the depen-
large QD's. dence of the optical band gap on the dielectric environment
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is generally calculated using the effective-mass approxima- q ©
tion, assuming an infinite potential barrier at the boundary, Vi(r,r')= E Ar'r’'P (cos#), 2
and applying perturbation theory to account for the potential 4meoe1 =0
from the image charge:*>**We will show that this simple . o
approach overestimates the effect of changing the solverfthereP is the Legendre polynomiais the angle between
environment around colloidal QD’s. However, with a fandr’, andeg is the permittivity of free space. For the case
straightforward modification of the potential to account for Where the image charge is at the interface between regions |
the presence of the ligand shell, good agreement is possibland Il (see circle in Fig. B the coefficientA; is given by

The total energy of an exciton confined to a spherical
semiconductor QD is the sum of the bulk band gap, the ki- (1+1) g1—&3

netic energy of each carrier due to quantum confinement, the T AT e (s teq) 3
energy from the direct Coulomb interaction of the electron- 3T
H H 0
hole pair, the_ sel_f-charglng energy fqr each_carr@E(()), From Ref. 12,\]21 is given by
and the polarization energy from the interaction of each car- '
rier with the image charge of the opposite carriad%):
pol  pol Jg°,:=f f W (r")W(r Vi (r,r")Wo(r)¥(r)dr'dr

EORL bk iy KN gt ; + Ee‘, +309. (1) ¢ 11

. . . e e —— — . 4
The first four terms depend only on the dielectric constant dmegeqal &3 81) @

inside the QD §;). The latter three polarization terms de-

pend strongly on the contrast between the internal and exteillan et al. showed that thd =0 terms in 220' and Eﬁo'

nal dielectric environmente(;). In the presence of an elec- exactly cancel]gfﬂ so that the net correction to theSJLS;

tric field, dielectric mismatch results in a surface polarizationexciton energy from the interaction with the image charge is

charge at the interface that interacts with charges confinegiven by*

within the QD. With an infinite potential barrier at the

boundary, the lowest energy envelope wavefunction in a QD s |

of radiusa is propomlonal to sm(rr/_a)/r. o 5= mq aZHlA'f jé(ﬂ'X)XZHZdX, (5)
The self-energi.&i,y due to the image charge distribution 2epg1a (=1 0

on the surface when a holelectron is added to the highest

valence (lowest conduction band state is given b)iﬁ?('a) wherej, is the spherical Bessel function.

=3{Wo|Vin(r,r")|¥o), whereV,, is the polarization poten- Iwamatsuet al. considered the effect of a dielectric dis-

tial created by the image charge. For the case treated theoentinuity for the case of a spherical QD surrounded by a

retically by Brus! and other$?!* the indirect polarization shell of a second material with dielectric constant and

potential at point, created by a point charggat positionr’ thickness b—a) (see inset of Fig. Band then embedded in

within a spherical region is given by a dielectric medium £3).%° In this caseA; is given by

(141 @ e eg)lertl(e1t80) ]+ b7 ey~ 8y) 83+ (52 F 83)]
T aZ (g —e,)(ep—ex) (I + 1) +bT e, +1(e1+e,) e+ (eate3)]"

(6)

The rest of the derivation of the polarization energy followsin Fig. 3 is the theoretically predicted energy shift with re-
as before, including the cancellation of the0 terms so that ~ spect to hexane dispersion using the core-shell mdeigs.
the correction to the exciton energy is given by B.and  (5) and(6)] and again using;=6.2. Although there is no
substituting Eq(6) for A, . unigue fit based on both shell thickness asy] we can

In Fig. 3, we plot the energy of the first absorption featureC100se a physical solution by setting equal to the dielec-
from the data in Fig. 1 with respect to the value for the sam ric constant of the_ ligand she[l that Su”OL.mdS each QD.
QD's dispersed in hexan@\) versus the square of the sol- ood agreement with the data is found setting the shell di-

S 0 . . electric constant,=2.1 and using the shell thicknebsas
vent refractive index® The dashed line shows the predicted the only fit paramete® For the best fit, we find that the shell

energy shift based on Eqe3)—(5), where the image charge thjckness is-8 A in reasonable agreement with the extended
is considered to be exactly at the surface of the QD and usinghain length for TBPQ~6.7 A). The apparent shell thick-
the bulk dielectric constant for CdSey(=6.2). The pre- pess is insensitive to the value chosendgrover the range
dicted energy shift is much larger than what it is observed] 9<¢,<2.2 (reasonable values for alkanelike moleciiles
Using this model, it is not possible to match the data without In Fig. 3 we also include the observed absorption shift for
assuming an unphysically large radius4a). The solid line  a QD solid(shown by the squayef similar size as used for
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the solvent series. Here; is calculated for randomly close- solvent molecules into the ligand shell should depend on QD
packed spherefill factor=0.64) of semiconductoe=6.2  core size and ligand chain length as well as chemical and
for bulk CdSe with an organic shell of widtlid) and dielec-  steric interactions with the solvent molecuféswhen the
tric constant ~ 2 and interstices filled with the same organic radius of curvature of the particle is lowé¢larger QD’9,
material. The observed absorption shift is in near quantitativéincreased surface coverage by the capping ligands is possible
agreement with what would be expected from the averagand the shell may be more impenetrable to the solvent. The
external dielectric environment using the inorganic-core-solvatochromatic shifts for the large radius partio[@8—40
organic-shell model. The data in Table | also show remarkA) are more consistent with a 10-11-A shell than for the
ably good agreement with this model. Th8,1S,/,, transi-  15-20-A particles, which are consistent with an 8-A dielec-
tion for the large QD’s shifts to the red with respect to tric shell (see fits in Fig. 2
hexane dispersion both for the monodisperse QD solid and
when the QD’s are “diluted” in a solid of small QD’s. In the
latter case, there should be little coupling between electronic
states on adjacent QD’s. The case for footnote a in Table | is Solvatochromatic shifts are observed for CdSe colloidal
the predicted $.1S;,, peak position in the QD solid for QD’s that are consistent with the change in polarization en-
monodisperse 24-A QD’s whesy, is the volume weighted, ergy of the quantum-confined exciton. The ligand shell ap-
average dielectric constant of the compositea=9 A). pears to partially insulate the semiconductor core from inter-
When the large QD’s are diluted in the small QD's, the vol-actions with external environment. The observation of an
ume fraction of semiconductor material is smaller, leading tcabsorption shift in the mixed QD system and the excellent
a reduced average dielectric constant and correspondingggreement with the solvatochromatic core-shell model make
smaller absorption shiffcase for footnote )c a convincing argument that for QD’s in this size range, the
The inorganic-core—organic-shell model is physicallyabsorption shifts from dilute dispersion to close-packed film
consistent with the monolayer of phospho-alkane ligands thaare dominated by the change in dielectric environment.
surround each QD and provide a barrier to solvent molecules
approaching the surface. In solvatochromism of molecular
species, it is found that 90% of the solute-solvent interaction
is with the first solvent shel® Thus it is reasonable that the ~ The absorption measurements were made at the MIT Cen-
QD-ligand shell interaction dominates what it is observedter for Materials Science Spectroscopy Laboratory. C.A.L.
We observe that QD’s capped with the eight and four carbomvould like to thank NSERC, Canada for financial support.
chain ligands exhibit the same solvatochromatic shifts withinThis work was supported primarily by the MRSEC Program
experimental errofFig. 3). This result is not inconsistent of the National Science Foundation under award number
with the core-shell model since the degree of penetration oDMR 98-08941.
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