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IH and*3C nuclear magnetic resonance (NMR) relaxation studies of thiophenol-capped CdS nanocrystals are
presented. The transverse and longitudinal relaxation times were investigated as a function of nanocrystal
radius, and the transverse relaxation time was also studied as a function of temperature. Both proton and
carbonT; values were found to increase with nanocrystal radius, contrary to initial expectations. This effect
is explained in terms of motion of the thiophenol with respect to the nanocrystalline surface. Theoretical
expressions for relaxation due to anisotropic motion are developed based on both bridging and terminal bonding
configurations of the thiophenol ligands, and the data are fit to these models. The data are found to be
consistent with thiophenol ligands bound in a terminal fashion to a single Cd atom. The temperature dependence
of the protonT, value is also suprisingT; is found to decrease with increasing temperature, and the size of
this change scales with the nanocrystal radius. This is explained in terms of an extra component of relaxation
due to thermally excited electrons.

Introduction surface structure of these particles has so far received relatively

Semiconductor nanocrystals are small particles that are little attention?™10
intermediate between molecular and bulk phases, which leads Both the rearrangement of the surface atoms from their
to their physical properties being size dependéntFor positions in the bulk semiconductor and the bonding configu-
example, the frequency at which light is absorbed (and thus ration and distribution of surface ligands affect the properties
the color of the sample) depends on the radius of the nanocrystal of the nanocrystal. In this paper, we utilize proton and carbon
These size-dependent properties have potential to be tuned fonuclear magnetic resonace (NMR) spectroscopy to investigate
technological purposés5 However, before nanocrystals can the surface structure and dynamics of thiophenol-capped CdS
be used in devices, the relationship between the structure ofnanocrystals. In the padtsuch studies have determined the
the nanocrystal and its properties needs to be understood. ~ surface coverage of the nanocrystal and the number of different

The structure of a nanocrystal can be loosely divided into ligand environments on the surface. However, this study did
two parts: the surface, which is usually covered with organic not provide an assignment of the chemical shift to the bonding
capping groups, and the core (or interior). This study addressgeometry of the thiophenol on the nanocrystal surface. We have
the surface, which, not surprisingly, plays an important role in extended our studies of the surface by measutihignd °C
determining many nanocrystalline properties. For example, NMR relaxation in order to investigate the bonding configuration
trapping of the optically produced hole, the fluorescence of the and dynamics of the thiophenol ligands.
nanocrystal, and the surface energy (and hence the phase The thiophenol ligands on the nanocrystal surface provide a
diagram) all depend on the structure of the surfadéot only model system for NMR relaxation studies. The ligands are
does the surface affect the physical properties of the nanocrystaljsolated from one another so that relaxation is primarily due to
but it is often necessary to synthetically manipulate the dipolar couplings within each ligand. The possible motions are
nanocrystal surface so as to achieve solubility in organic simple once the bonding arrangement of the ligand is determined
solvents. Therefore, a study of the organic molecules bound and are conveniently described using Woessner mdéé&isn
to the surface of the nanocrystal is crucial to a detailed this article, we present an examination of the dependencies on
understanding of these systems, and despite its importance, thesize and temperature of th&éH and 13C transverse and
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a TABLE 1: Longitudinal and Transverse Relaxation Rates
A for *H and 3C Dipolar Relaxation?®
/v 1H dipole—dipole relaxation TIl = 3)(wo) + 123(2w0)
1.z, T, = 1/2[93(0) + 15)(wo) + 6J(2wo)]
J@“ 13C dipole—dipole relaxation Tgl = Jwc — o) + 3(we) +
ZL H 7163(0)(; + a)H)
T, = 1/2[4)(0) + Jwc — wn)

3J(6()c) + GJ(LUH) + 63(0)(: + LUH)]

tions for calculatingT; and T, are derived from Redfield
b theory”~19 assuming only two spin interactions without
couplings. These equations are the same as those presented by
Szabd® with only a slight change of the definition of the spectral
density. These equations only approximately describe our
system and entirely neglect cross-correlation effects. We will
di—s show that this is a good approximation because the nanocrystals
H are tumbling in the slow-motion regime in which cross-
“@; correlation effects are in any case negligible.
" \\Z‘MZ Table 1 gives the expressions for transverse and longitudinal
relaxation rates as a function of the spectral densities for
Figure 1. Axis systems used to define the orientation of the thiophenol Nomonuclear and heteronuclear spin pairs. The spectral densi-
ligand. The principal axis system of the dipolar interaction (PAS) is ties are calculated by taking the real Fourier transforms of the
not shown explicitly. It is defined by the internuclear vector relevant correlation function of the dipolar coupliftf!

to the relaxation process being investigated: (&) ligand in a bridging
configuration, (b) terminal configuration.

Jy(w) = 2["C (t)cosft) dt (1)

longitudinal relaxation times of the ligands on thiophenol-capped

CdS nanocrystals. The data are interpreted in terms of dipolarwhere the dipolar correlation function is given by

relaxation governed by motional models based on both bridging

and terminally bound thiophenol ligands. Correlation times for Cy(t) =

the appropriate motions are estimated. We find that the data n( /“‘O)th , zﬂ/z,q(eLF” 0), ¢LF“ (0))Y2,q*( 0LF“ ®, ¢LF” (t))D
2)

are more consistent with terminally bound thiophenol ligands, Vs

however, the data are not perfectly described by either model. r(0)3r(t)3

Additional relaxation mechanisms, such as that due to chemical-

shift anisotropy and librational motions, cause these discrep-

ancies. In support of this hypothesis, we show that the The correlation function is written in terms of the spherical
temperature dependence of the relaxation behavior cannot beharmonics,Y2 4016 (1), (1)), with 6 l(t) and ¢l (t) being
completely explained by the most simple motional models and the polar and azimuthal angles, respectively, of the internuclear
a novel paramagnetic relaxation mechanism due to thermally vector of spin paiij in the laboratory frame at timeandy,
excited electrons is postulated to explain the unusual temperatureand ys are the gyromagnetic ratios. Throughout this paper,

4r

behavior. andSwill either be two'H nuclei or a'H and al*C, depending
on whether proton or carbon relaxation is being considered.
Theoretical When the gyromagnetic ratios are in units of ra8l 1 andh

in J s rad?, the units ofCy(t) are HZ.
In the following discussion, we use two models of the motion
f the thiophenol ligands, corresponding to bridging and
erminal, to derive correlation functions and spectral densities.
These expressions apply to both the carbon and proton cases,
except that in the proton case, we assume the effects of multiple
spins are additive and in the carbon case, that only the bound
proton is responsible for the relaxation of the carbon. We
neglect other sources of relaxation such as that due to the

n;‘od?(ljs lgor Lhe tg'Op:eni?rl] “rg?arr]i((jjs iﬂn thre tn?rgci)r::r)llstﬁl Sﬁrfﬁcf chemical-shift anisotropy. These calculations are used to model
shou € based on eihe ging or te al thiopnenol y,q relaxation data presented later in this paper.

molecules. A schematic drawing of these bonding arrangements Of the two configurations, bridging thiophenol molecules are

sxﬁshgwsr:e'r::'gserg 1'?Aanrivr¥<|:tih éer?sﬁsmgtoe r;nogftTﬁevar '%llj: the easier to consider because fewer rotations are needed to
y ) P P y ctp express the dipotedipole interaction in the relevant nanocrystal-

i‘:'gglee':(tgiﬁt'v?lgi&”ﬁ&géﬂ?;gé?gﬁifg 'n;g:&zeltﬁgcﬁgﬁindeﬁned frames illustrated in Figure 1la. Making the appropriate
of th?a ligand is different in the two arrar; ements. relaxation rotations to these frames using the Wigner rotation matrixes,
[¢] IS al | W g ) Xatl Dim®(Q),2+-23 Yaq(0LF (1), (1) becomes

studies should allow us to distinguish between the two types of
bonding. We have developed theoretical models for both i P
situations, which are described below. Yaq(0ie (0.0 (1) =
To understand the relaxation data presented in this paper, zDq,m(Z)(QLQP’t)Dm,n(Z)(QP—'Mvt)YZ,n(eMAPASIJ’¢M%PAS“) (3)
detailed relaxation calculations must be presented. The equa- fmn

Model compounds containing Cd, S, and thiophenol have
been synthesized and characterized by X-ray crystallogréphy,
and these compounds show that thiophenol molecules can bin
either in a bridging manner to two cadmium atoms or terminally
to a single cadmium atom. The crystal structure of a single-
sized small CdS nanocrystal has been obtdfraad shows that
the thiophenols in this sample are bound in a bridging fashion.
These crystallographic results suggest that relevant motional
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where Q, .p are the Euler angles between the lab frame and
the axis system fixed on the nanocrys@k-.y are the angles
between the particle-fixed axis system and the thiophenol-fixed
axis system, an@y—pad and Oy—pas are the angles between
the thiophenol-fixed axis system and the principal axis system
of the dipolar interaction. These different axis systems are To evaluate this correlation function, we integrate over all initial

T o ity i A2
5¢“De ZlYZ,n(eMﬂPAS 0)1 x

[Eos(y's—m — ¥p-m]L(9)

clt) =

illustrated in Figure 1. The thiophenol-fixed axis system
denoted byM, has itsz axis along the SC bond and th& axis

in the plane of the thiophenol ring. The spherical harmonic
specifying the direction of the internuclear vector is time
independent in this frame and is fully specified by the angle
Ov—pad. The anglepy—pad is zero. The correlation function
then becomes

T
Cq(t) = ECUDZ z DDq,m(Z)(QLaP) Dq,m(z)(Q'LaP)* [x
mn
m,n’'

[Dm,n(Z)(Q%M)Dn'{,n’(Z)(Q'P—»M)* [Ix
Yz,n((9r\/|~|>AsIJ 10)) 9M~PA§] 0) (4)

where

o = (@)hw_ys
b A r3

and where the unprimed euler anglé€3, correspond to the
angles at time 0, the primed angles are the angles attfiarel

and final configurations of the thiophenol
[Gosh(y'pm — Vp-m]=

21 271 ,
Peq/(; L/(.) PO pmrtl7pmi0) X
cosn(y'p—m — Vp—w)] dY'p—y dyp_y (10)

wherePeqis the equilibrium probability of finding the thiophenol

ligand orientated at some angte—v andp(y'p—m,t|yp—m,0) is

the conditional probability that a molecule at angfe.y at time

0 will be aty'p—y at timet. In this theory, different models of

the motion are distinguished by these conditional probabilities.
Using the conditional probability for rotational diffusion of

the thiophenol ligand, derived in the Appendix 1

i 0= L Leth s —
PO Hy0) =5+ Ze Moos =) (A1)

wheret; is the correlation time for the motion of the thiophenol
with respect to the nanocrystal surface, we calculate the en-
semble average of eq 10

the angular brackets indicate an ensemble average over all initial

and final orientations of the internuclear vector. In eq 4, we

have assumed that the overall tumbling of the nanocrystal is [@os(y'p—u

uncorrelated with the internal rotations of the thiophenol

molecules, thereby allowing the separation of the ensemble le*t/ti cosf’ — )

average for the overall tumbling of the whole particle and the
internal motions of the ligands. This assumption implies that
the “internal” correlation time of the ligand motion must be

much shorter than the “overall” correlation time of the whole
particle. If the overall tumbling of the nanocrystal is isotropic,

the ensemble average has been shown 6 be

. 1 _h,
g (R p)Dg AL —p)* = Omm® " (5)

where ty, is the correlation time characteristic of isotropic
rotational diffusion of the nanocrystal. For isotropic motion,
the g index is unimportant and it will be dropped in the
following. Using eq 5, the definition of the Wigner rotation
matrix element

D0 — g mg  O(gyg i 6

mn (@B,y) = e "Hdy, M(B)e (6)

and the orthogonality relation of the reduced matrix elements,
dm,m(j)(ﬂ),21723

S ot (B V(B) = 1 (7)

the correlation function in eq 4 simplifies to

T

Ct) = — 2 Utm 1Y, (O . ii,o |2@JH(V'P~M—VP~M)D o
®) e ZZ,n(MPAS ) (8)

Only the real part of the correlation function contributes to the
spectral density, and thus, eq 8 becomes

1

21 27|
P (L i

= ]COSP(V'P—»M —= V-]V o dypy =

1 forn=0
g Ut forn=41 (12)
0 forn=+2

where we have useleq = Y/2,. Combining egs 9 and 12, the
correlation function for a bridging thiophenol ligand undergoing
rotational diffusion is found to be

C(0) = 5205 { Yo o O—pad O) e "+
21, (Onr-pad O)7e Y (13)

Finally, Fourier transformation of this correlation function
gives the corresponding spectral density

2 ) 14
Jw) = 2_5tz{ Yo, On—pas :0) ZW:‘LUZ +
, 1k, + 1k,

2

Y, 1(Op—pad 0)

(Lh,+ 11)* + wz} (1)

which can be used to calculate the relaxation times.

The relaxation expressions for terminal thiophenol ligands
can be calculated similarly. In Appendix 2, we calculate the
correlation function for the terminal ligands. This correlation
function is shown in eq A2-6 (Appendix 2). The spectral density
is found after Fourier transforming this correlation function to
be
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Figure 2. Simulations of proton and carbdn andT; as a function of
the C-S rotational correlation time;, assuming that the thiophenol is
bridgingly bound and undergoing rotational diffusion about this bond.
The overall rotational correlation time is set to 10 ns. (a) Prdipn
versus logf). (b) ProtonT, versus logk). (c) CarbonT; versus logf).

(d) CarbonT; versus logf). The infinity values correspond to the values
calculated with a pure isotropic tumbling model using a correlation

time of 10 ns.
Jw) =
2T > o) 2 i 02 U,
= w d . Y, (6 )| ———+
25 Dl 0,0 (ﬂMl MZ) 2,0( M2—PAS ) (1/tm)2+(1)2
. 1t + 1k
2|d; P Brrrnia) 2 Yo Orpopad 0% m_—n
1,0 (ﬂMl M2 2,0( M2—PAS (l/tm+ lltil)z"f_ 6()2
) , A, + 1k,

2

dl,O(Z)(IBMlﬂMZ) Y2,:I.(0M2ﬂPASIJ ' )

2(|d1,1(2)(ﬁM1—>M2)|2 + |d1,—1(2)(ﬂM1—>M2)|2) X
1h,+ 14, + 1k,

At + 1k, + 1h,)° + o?

2

Y2,1(6M2HPASIl ’0)

_|_
Ak, + 11t,)* + o®

] (15)
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Figure 3. Simulations of the protoif; and T, as a function of the
logarithm of the Ce-S and S-C rotational correlation times, log)

and log(iz), assuming that the thiophenol is terminally bound and
undergoing rotational diffusion about both bonds. The overall correlation
time, tm, was set at 10 ns.

centered at zero frequency, with widths given by linear
combinations of the inverse correlation times and whose
intensities are proportional to the spherical harmonics that relate
the molecular axis sytem to the principal axis system of the
dipolar pair being considered. These spherical harmonic
functions are determined completely by the molecular geometry
and, thus, differentiate the relxation for the various sites in the
thiophenol ligand. Figures -24 show the results of the
theoretical calculations dH and'3C relaxation times for the
two motional models.

For bridging thiophenol ligands (Figure 2), our theoretical
results indicate several expected trends. First, the ortho proton
and the para carbon relaxation rates are independent of the
internal motion. In these two cases, the internuclear vector
between the observed nucleus and that responsible for its
relaxation is collinear with the -SC bond. In this case, the
internal motion does not cause the internuclear vector to
fluctuate and the spectral density in eq 14 reduces to

1, 1,
o) = —w——" 16
@) =19 ° ()% + w? (16)

Equations 14 and 15 are the spectral densities for bridging which is the spectral density for a randomly tumbling sphere.
and terminally bonded thiophenol ligands, respectively, and are Second, it is expected that in the limit of long internal correlation
the basic functions necessary for calculating relaxation rates.times with respect to that for overall tumbling, all the relaxation
These spectral densities consist of a sum of Lorentzian lines,times should be given by the isotropically tumbling sphere
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Figure 4. Simulations of thé*C T; and T, as a function of the logarithm of the €& and S-C rotational correlation times, logy) and logg.),
assuming that the thiophenol is terminally bound and undergoing rotational diffusion about both bonds. The overall correlatigwi@aneet at
10 ns.

model, eq 16. These relaxation rates are plotted in Figure 2 asbecause of the overall tumbling of the nanocrystal. The
the infinite internal correlation times. However, due to the correlation function then needs to be rotated to a molecular axis
approximation that the internal and overall motions are not system which is conveniently defined according to the ligand
correlated, this does not occur, highlighting that our theoretical molecule. From this axis system, one rotates down the chain
results are limited to the case where the internal correlation timesof the ligand molecule, stopping when the correlation function
are shorter than that for the overall tumbling of the nanocrystal, is finally written in terms of the principal axis system of the
t < tm. dipolar coupling. In an aliphatic system, these rotations will

Figures 3 and 4 show the theoretical results for terminal be to along the €C bonds of the hydrocarbon and will
thiophenol ligands. Because of the additional rotational degree parametrize the problem with respect to the rotations about these
of freedom, the relaxation of the ortho protons and the para bonds!!'2 Once a model for the motion is assumed, the
carbon now depend on an internal correlation time, those correlation function can be Fourier transformed to give the
motions about the CdS bond. While the order of magnitude spectral density for this motion and the relaxation times can be
of the relaxation times for the two motional models is the same, calculated. While this method is computationally heavy, it
the relative ordering of the relaxation times and the ratios of allows investigation of systems that are unapproachable by other
the relaxation times depend on the bonding arrangement. Bymethods.
making careful relaxation measurements, insight into the bond- ) .
ing arrangements of the thiophenol ligands can be acquired. EXPerimental Section

This type of relaxation model can be applied to any capping  Synthesis of the Nanocrystals. Cadmium sulfide nanoc-
group on a semiconductor nanocrystal. The relaxation of a rystals were prepared in inverse micelles following standard
hydrogen or carbon site in any nanocrystal ligand can be procedureg*2¢ Two separate solutions of 500.0 mL of
calculated by following the same procedure as that presentedspectrographic-grade heptane and 44.4 g of dioctyl sulfosucci-
here. First, one rotates the dipolar correlation function, which nate, AOT, were prepared under nitrogen. Cd({4®H,0O
is written in the laboratory axis system where #xis is along (2.34 g) dissolved in 12.0 mL of deoxygenated deionized water
the external magnetic field, to an axis sytem on the nanocrystal,-was added to one solution, while 0.36 g of ;8® H,O
where thez-axis is normal to the nanocrystal surface. This axis dissolved in 12.0 mL of deoxygenated deionized water was
system reorients with respect to the laboratory axis system added to the other solution. Both solutions appeared clear and
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Figure 5. Pulse sequences. (a) Sequence for the selettiexperi-
ment. See text for details. (b) Double INEPT experiment used to observe
the proton-detectetfC spectrum shown in Figure 7. Unfilled rectangles
represent 90 pulses, filled rectangles represent 18pulse, and
rectangles labeled with SL are spin-lock pulses. (c) Double-INEPT
experiment used to measuf€ longitudinal relaxation times. The pulse
labeled SAT was used to saturate theresonances which were kept
saturated by repeated 18fulses. The saturation pulse length was 0.5
ms, and the 180degree pulses were applied every 0.5 ms. (d) Double-
INEPT T, experiment used to measuf€ transverse relaxation times.

In the sequences shown, rd is the recycle detays set to 1/(duc)

and allows build up ofH—3C antiphase coherence, and the two pulses
labeled SL are spin-lock pulses to remove residual proton coherence.
Typically we used rd= 20 s,7; = 1.5 ms, with the two spin-lock
pulses being 4 and 1 ms, respectively.
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Figure 6. Representative relaxation data. (a) Selecfiyelata from

colorless aftel h of mixing. The cadmium solution was then

the ortho and para protons of the thiophenol ligands on CdS nano-

transferred to the sulfide via a 16-gauge double-transfer needle.crystals. (b)T; data for the para thiophenol carbon on a 15.8 A radius
The transfer process took 15 min and resulted in the formation nanocrystal. ()T, data for the para thiophenol carbon on the same
of a clear yellow solution. The resulting solution was then nanocrystal as in b. The experimental time required to record each data

treated with 0.45 mg of thiophenol, which binds to the surface SEt was approximately 12 h. The plotted intensity is the sum of the

of the clusters, causing them to precipitate from the micelles.
The resulting powder was vacuum filtered 3 times and rinsed
with 300 mL of petroleum ether. Rinsing and filtering left a
finely divided yellow powder redissolvable in pyridine. Particle
composition was determined by elemental analysis, and the
nanocrystal radius was determined from UV spectroscopy.
Several preparations were carried out to prepare nanocrystal
samples with radii ranging from 10.6 to 19.2 A with a size
distribution of 15%.

NMR Experiments. NMR samples of the nanocrystals were
prepared by dissolving 5 mg of CdS nanocrystals in 0.5 mL of
100% pyridineds (Aldrich). All NMR spectra were recorded
in a field corresponding to ¥ resonance frequency of 400.13
MHz with Bruker AM-400 and AM-400X spectrometers at a
temperature of 303 K unless otherwise specified.

Transverse relaxation times of tHél resonances of the
thiophenol ligands on the CdS nanocrystal surface were
measured with the selective Hahn echo techrfiggBown in
Figure 5a. Typically, the Gaussian 27pulseg® were 20 ms
long, while the @ pulsé® length was 45 ms.!H longitudinal
relaxation times were measured using the normal inversion
recovery sequenc@with nonselective pulses. Typical selective
protonT, data of the thiophenol ligands on a CdS nanocrystal
are shown in Figure 6a.

The 13C relaxation times were measured from indirectly

detected spectra via the thiophenol protons using the double-

INEPT experimerf—36 shown in Figure 5b. The double INEPT

i
detected carbon spectrum.

ntegrated area of the two members of the doublet seen in the proton-

the 13C longitudinal and transverse relaxation times are also
shown in Figure 5 (c and d). These sequences are the double-

INEPT sequence of Figure 5b, with'2C inversion-recovery
or Hahn echo sequence inserted. In the case of the inversion
recovery sequence, proton magnetization was saturated while
the carbon magnetization recovers so as to ensure that simple
monoexponential decays are observedrigure 6 (b and c)
shows typical3C T; andT, relaxation data measured measured
on a nanocrystal.

Computer Modeling and Fitting. All computer modeling
and fitting was done on a Macintosh llsi computer running either
Mathematica 2.0 or specifically written C code. All functions
were defined using the results derived above, and these functions
were used to generate the plots of the predicted relaxation times
shown in Figures 24. In all calculations, the phenyl ring of
the thiophenol was assumed to be a perfect hexagon withG C
distance of 1.38 A, a €H distance of 1.08 A, a €S distance
of 1.77 A38and a Ca-S distance of 2.49 A3 These distances
imply that the H-H bond distance in the thiophenol ligands is
2.50 A and give rise to a static dipolar couplingp =
(uoldm)(hy y9)Ir3), between the nearest-neighbor protons of
wpl2t = 7690 Hz and that between a carbon and its bonded
proton of wp/2r = 24 000 Hz. The sulfur of the bridging
thiophenol ligands was treated as if it weré bpbridized, with
all bond angles equal to 120 The hybridization of this sulfur

inversion-recovery and Hahn echo sequences used to measures ultimately unimportant in the calculation because no rotation
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about the Cg—S can occur. The CdS—C bond angle was , a
assumed to be 1232 for the terminal thiophenol ligands. ;(('2(:""
Random fields fotH T, andT, values and®C T, andT; values ) W
(R, RM, RiC, andR:C, respectively) were included to account O

for relaxation mechanisms other than the dipolar mechanism,

such as chemical-shift anisotropy, spiotation, and paramag-

netic relaxation mechanisms. The random fields were assumed : :
to be independent of the chemical site on the thiophenol ligand, 8.80 840
and the total relaxation rate at any site was calculated as the
sum of the dipolar rate and the random-field rate. The fits to
experimental relaxation times were performed by minimizing
the x? function defined by

ortho
meta
para

T
120 6.80

i

T T
8.00 7.60

Frequency (ppm)
b

ortho

10 (-I—iexp_ Ticalc)z

2

x (17)

né&

where the summation is over allof the data to be fit]T;®*®, is

the experimentally determined relaxation tinigsac is the T T T T T T T T T T
relaxation time calculated from the relaxation models, arid 84 82 %0 7876
the error in the experimental data. yf is less than 1, then all
the calculated values are within the error of the experimentally Figure 7. Representative NMR spectra. (&) spectra of thiophenol-
determined values. The fits were done using Powell’'s qua- cap_pgd CdS nanocrystals taken with 400.13 MHz spectrometer in 100%
dratically convergent method for multidimensional minimiza- Eggg?regtsaﬂai%i \'fv-itﬁbig%"igtﬁ;ezdsaceigiﬁg:‘ri‘;f fo(lﬁ/f Ariﬁgi
t!on'sg -I.-o find a global minimum, the_flts were repeated 1000 at 303 )}/< The double-INEPT sequenge shown in Figure 553\/Nas used.
times with random starting positions in the range18 > 7, The sample was prepared by dissolving 5 mg of nanocrystal in 0.5 mL
>101%, 106s> 7, 711, Ti2 > 107135, and 102 s < carbon

of pyridineds and then degassed. The sample had an approximate
and proton random fieldsc 1% s™1 with the best minimum thiophenol concentration of 34 0.5 mM. The recycle delay was 10
being retained.

s. The'H 90° pulse length was 4.8s, the'3C 90° pulse length was
10.0us, the first spin-lock length was 1 ms, and the second spin-lock
length was 4 ms, which were adjusted empirically to obtain the best
supression of the residual proton signal. The delayas 1.5625 ms.

The spectrum was obtained in 512 scans and was apodized before
Fourier transformation wit a 2 Hzexponential filter. Each multiplet

of the proton spectrum is now split by a carbon-profecoupling of
aapproximately 160 Hz.

Frequency (ppm)

Results and Discussion

Proton and Carbon Spectra. A typical 'H NMR spectrum
of thiophenol-capped CdS nanocrystals is shown in Figure 7a.
The spectrum has been previously assighadd the peaks at
8.71, 7.19, and 7.56 ppm are due to the ortho, meta, and par
protons, respectively, of residual protonated pyridine co-purified assignment of the chemical shifts for bridging and terminal sites
from the synthesis procedure. These resonances are identicatould not be mad& The presence of exchange broadening
to those for pure pyridine. The peaks at 7.91, 7.03, and 6.92 indicates, however, that the bridging and terminally bound
ppm are attributed to the ortho, meta, and para protons, thiophenols give rise to distinguishable resonances, which might
respectively, of thiophenol molecules bound to the surface. A be observed in thiophenol-capped CdS nanocrystals.The ob-
proton-detected3C spectrum of the thiophenol ligands on a served resonances in the nanocrystals are significantly shifted
CdS nanocrystal is shown in Figure 7b. In this spectrum, each from the resonances seen in the clusters produced by Hagen et
multiplet of the proton spectrum is split into a doublet by the al. !5 indicating that we have predominately only one bonding
large, approximately 160 H#H—13C J coupling. The artifacts ~ geometry of thiophenol on the nanocrystal surface.
between the doublets are due to incomplete suppression of the Changes in théH spectrum over a period of days indicate
(99%) H signal not coupled to &C. that the surface of the nanocrystal slowly degrades. This was

The solution-state proton NMR of other thiophenol cadmium shown by the appearance of new peaks at 7.25, 7.38, and 8.34
sulfide compounds have been measured. We measuréHthe ppm in thelH spectra and the disappearance of the peaks due
NMR of the compounds Cd(SHs), and (Cd(SGHs)2)»- to the bound thiophenol. The intensity of these new peaks is
(HsCPCHCH,PCH;)'* and found that they show three peaks seen to increase with time, while the bound thiophenol peaks
at almost exactly the same positions as those seen in ourdecrease with approximately the same rate. For particles in
nanocrystals. Unfortunately, these compounds have nonmo-pyridine solution at room temperature, the bound thiophenol
lecular crystal structuréd* which must rearrange when dis- ligand resonances disappear completely in approximately 16
solved, which eliminates our ability to assign our spectra based days. The same change in the NMR spectrum is seen in samples

on these models. Hagen, Stephan, and Hohlmve presented The
degradation product has been identified as the dithiophenol,
CsHsSSGHs, Since this change requires both &d UV light,

if O, is excluded from the NMR tube, no reaction occurs and
samples can be kept indefinitely. Samples used in this study

1H NMR spectra of the molecule (Q&CHs)10)2~, which they
deduce to have four terminal and six bridging thiophenols in
solution. The'H NMR spectrum of this material measured at
322 K gave two lines at 6.85 and 7.31 ppm, which they assign

kept as powders but at a considerably slower rate.

to the ortho and meta/para peaks, respectively, of the thiophenolwere usually sealed in tubes which had been degassed by
moieties. These resonances broaden as the temperature igepeating the freezgpump-thaw procedure 5 times or were
lowered, indicating that exchange occurs between bridging andrecorded without degassing within 1 week of particle synthesis.

terminal positions. At the lowest temperature measured, 239

The figure and table captions indicate which preparation

K, the thiophenol resonances are still coalesced and specificprocedure was used for each sample. This degradation is very
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TABLE 2: 'H Longitudinal and Transverse Relaxation rotations of the CeS and S-C bonds must be included in the
Times Measured for the Protons in the Thiophenol Ligands description in order to reproduce the experimental findings.
Attached to the Nanocrystal Surfacé@ 15¢ .
e _ _ The degassed samples show fRgt! andT,"*C, presented in
Longitudinal Relaxation Times Table 3, monotonically increase with nanocrystal radius, indicat-
particle T1(s) ing_ th_at the nanocrystals are _tumbl_ing in the slow-motion regi_me.
radiusr (A) ortho meta para degassged This is as expected f_or pa_rtlcles in a 400 MI—_Iz magnetic field
106 58103 62103 66103 ves w_hose_ overall' tumbling time calculated using the_ Stekes
15.2 6.6+03 64+03 68+03 yes Einstein equation ranges from 1.7 to 7.1 ns, assuming that the
11.9 3.7402 29402 29+0.2 no viscosity of the solution is that of pure pyridine. The relative
13.8 34+02 31+02 29+0.2 no sizes of the longitudinal relaxation times provides us with some
15.8 41£02 34+£02 32402 no information about the bonding configuration and dynamics on
19.2 5.0+ 0.2 3.3+£0.2 3.7£0.2 no

the surface. The proton longitudinal relaxation times given in
Transverse Relaxation Times for the Protons in the Thiophenol ~ Table 2 show that all three rates are nearly equal and change
T, (ms) order depending upon the nanocrystal radius, while the carbon

particle : :
radiusr (A) ortho —ry hara degassed relaxatlon.tlmes (Table 3) are always _ordered or’tt_1meta>

para. While the results of the theoretical calculations for both
10.6 73+ 4 50+£2  105+5 yes binding configurations presented in FiguresZ predict the
15.2 127+ 6 80+ 4 240+ 12 yes . g - .
1.9 194 2 384 2 57+ 3 no observed ordqung of the carbpn I'ongltudlnal rellaxatlon times
13.8 61+ 3 48+ 2 764+ 4 no as long as the internal correlation times are considerably shorter
15.8 67+ 3 58+ 3 121+ 6 no than the overall, the bridging model cannot predict the observed
19.2 1015  168+8 220+ 11 no proton longitudinal relaxation times. The bridging model always

aMeasurement methods are described in the fekithe samples predicts that the longitudinal relaxation time of the ortho proton
were prepared in sealed tubes after having undergone 5 cycles of thes considerably longer than either the meta or para protons for
freeze-pump-thaw procedure, they are referred to as degassed. Thosephysically reasonable internal correlation times. This is in direct

samples which were exposed to atmospheric oxygen have a “no” in contradiction to the measurement of almost equal longitudinal
this column.© Significant degradation of this sample had occurred before (a|axation times in the protons.

this measurement could be preformed. This was indicated by the

appearance of the dithiophenol peaks in the spectrum. The relative values of the transverse relaxation times, Tables
o _ 2 and 3 and Figures-24, can be understood in terms of partial
TABLE 3: '3C Longitudinal and Transverse Relaxation averaging of the dipolar coupling caused by the rapid internal

Times Measured for the Different Positions in the

. 1 . o
Thiophenol Ligands Attached to the Nanocrystal Surface motion. For!3C relaxation in the bridging model, Table 3 and

Figure 2, the G-H vector for the para carbon is not modulated

Longitudinal Relaxation Times by the rotation about the-SC bond. Thus, the dipolar coupling
T (s) between these two nuclei is not averaged by this motion and
r (&) ortho meta para overall tumbllng of the nanocrystgl causes a slow modulation
of the full coupling, leading to rapid relaxation. For the ortho
10.6 3.5£04 3.6£0.4 2.7£0.3 and meta carbons, the—& dipolar coupling is partially
15.2 42+ 04 47+05 2.9+ 0.3 . S
averaged by the motion and the relaxation is, therefore, slower
Transverse Relaxation Times than for the para position. Similar arguments can also be applied
T, (ms) to the'H data, Table 2 and Figure 2, where the ortimeta
r (&) ortho meta para vector is not averaged by_ the rotation of the thl(_)phenol while
106 T40s 14 1265 13 e the meta to para vector is, leading to the prediction that the
152 258t 26 3991 32 150+ 15 ortho proton relaxes faster than either the meta or para proton.

In the case of a terminally bound thiophenol, the variation of
2 Measurement methods are described in the text. All samples werethe appropriate dipolar vector for the paf& and the orthdH

degassed. is modulated by rotation about the €8 bond; however, the

magnitude of this fluctuation is much less than that for the other

similar to what has been reported by Majetich et al. in their Sités. While these arguments are only strictly valid in the fast-
studies ofn-butanethiolate-capped CdSe nanocrystls. motion limit of the internal correlation time, partial averaging
Trends in the Relaxation Data and Thiophenol Bonding will even occur at longer internal correlation times.
Configuration. The measured values 35+, Table 2, range Fits of the Data to the Relaxation Models. The predicted
from 239 to 38 ms over all the studied samples and increasetrends in the relaxation times are indeed observed in our data,
with nanocrystal radius. This is not the predicted behavior if Presented in Tables 2 and 3. To provide a more quantitative
the entire nanocrystal undergoes isotropic rotational diffusion estimate and to distinguish between models for bridging and
as described by the StokeEinstein equation, with the thiophe- ~ terminal thiophenol ligands, fits to the degassed data were
nol ligands fixed with respect to the nanocrystal surface. If performed and the results of these fits are presented in Tables
this were the case, the transverse relaxation times WOU|d4 and 5. The fits y|e|d the correlation times for the overall
decrease with increasing nanocrysta| radius. Moreover, if On|y tumbllng of the nanocrystal and for the internal rotations. For
nearest-neighbor intra-thiophenol dipelgipole interactions are ~ neither motional model do the values go below 1, indicating
considered, this model also predicts tHattpaa = T,'Hmea = that the models do not perfectly predict our data; however, the
1/2T21Hunho and that the carbon-13 transverse relaxation times fits to the terminal model giVe Significantly lower Values)ﬁf
would be equal as shown in Figure 2. None of these predictions than the bridging model and the parameters are more physically
are borne out in our data, Tables 2 and 3, indicating that the reasonable.
overall isotropic rotational diffusion of the nanocrystal does not  In the fit of the bridging model, the overall correlation time,
dominate the thiophenol relaxation behavior and that internal ty,, and the correlation time of the-& bond,t;, do not change



Semiconductor Nanocrystals J. Phys. Chem. B, Vol. 102, No. 50, 19980125

TABLE 4: Fits to Bridging Model 2
nanocrystal radius

TABLE 6: Change in Relaxation Rates with Temperaturet
Tzhigh (ms) Tzlow (ms) '|'2high/'|'2Iow

peak

fit parameters 10.6 A 15.2 A Transverse Relaxation Rates in 10.6 A Thiophenol-Capped
CdS Nanocrystals
X 12 12
K 85x107s 7.8x107%s ortho 63+ 3 734 4 0.86. 0.06
tm 79x107°%s 6.3x 10°%s
R,C 0.20 st 0.079 st meta 44+ 2 50+ 2 0.88+ 0.05
Ric bg sl Y9t para 95+ 5 105+ 5 0.90+ 0.06
R 0.14s? 0.11s? Transverse Relaxation Rates in 15.2 A Thiophenol-Capped
RH 9551 3.9st? CdS Nanocrystals
P 10.8 15.2 ortho 60+ 3 127+ 6 0.47+£0.03
meta 44+ 2 80+ 4 0.55+ 0.04
best fit values fit experiment fit experiment para 83+ 4 240+ 12 0.35+ 0.02
Tlgortho 36s 3.5:04s 45s 4.2:04s aT,ow js theT, measured at 25.9C, while T,"9" is that measured at
Tlc meta 36s 3.6£04s 4.5s 4805s 79.3°C. Errors inT 9T, ov were calculated by propagating the errors
T1* para 039%s 27@03s  0338s 2%03s in quadrature. All samples were degassed.
T2 ortho 135ms 140Gt 14ms 286ms 25& 26 ms
T2 meta 135ms 126t13ms 286ms 322 32ms . b ller in the | | .
T pars 23ms  68L 7 30ms 150t 15 ms motions must be smaller in the larger nanocrystals. In previous
T1" ortho 6.1s 5.8+0.3s 6.7s 6.660.3s studies? we have shown that the coverage of the thiophenol
TiM meta 58s 6.2+£0.3s 6.1s 6.4:0.3s ligands on the nanocrystal surface decreases as the nanocrystal
Tl: para 6.6s 6.6-03s 6.9s 6.8:03s radius increases, which is immediately consistent with the
T2" ortho S6ms  7ak4ms - 95ms  12Z 6ms variation in the internal correlation times. As the coverage
ToM meta 56 ms 50+ 2 ms 94 ms 86t 4 ms d the steric hind betw the thioph | |
TH o 102ms 105 5 oalms 24012 ms ecreases, the steric hindrance between the thiophenols also

aRC, RS, R, andR,™ are random-field relaxation rates included
in the fits to account for relaxation mechanisms other than the explicitly

included dipole-dipole mechanism.

TABLE 5: Fits to Terminal Model 2

nanocrystal radius

decreases, allowing the ligands to rotate more freely. Our
previous paper showed, however, that if the thiophenols were
homogeneously distributed according to the measured coverages,
the average distance between thiophenol ligands was much
greater than the van der Waals radius of the thiophenol ligands.
Thus, in order for the ligands to sterically hinder one another,
they must be inhomogeneously distributed over the nanocrystal

fit parameters 106A 15.2A surface, leading to islands of thiophenol-covered regions which

tiy 3.3x 10s 1.6x 10 s become progessively less dense with increasing radius.

tio 1.4x 108s 1.3x 10 s . . .

. , Influence of Additional Relaxation Mechanisms. The

[™ 1.7x 10 "s 1.1x 10 's . . . - .

RC 00s!? 016 s? random-field variables in our fits quantify the effects of all other

R,C 0.0s? 3.0s? relaxation mechanisms not included explicitly in our models,

R 0.11s? 0.13s? e.g., chemical-shift anisotropy, spin-rotation, and paramagnetic

Re" 6.5s* 4.0s? relaxation mechanisms. The values of the four random-field

x 5.7 8.8 relaxation parameters in the fits where the thiophenol ligands

best-fit values it experiment fit experiment are modeled as terminally bound contribute significantly to the

TCortho  3.2s 35 04s  44s 42045 '{ragsc\:/etrrse relaxatlo? of ;[HH n?(t::]el stgtg S|z§_s studied an(t:I |
TCmeta 325 36 04s 445 47-05s 0 ransverse relaxation of the 15. radius nanocrystal.
T.C para 3.0s 272035 3.0s 29-03s In all other cases they are consistently small. Since the random
T2 ortho 125ms 14@:14ms 286ms 258 26 ms fields are assumed to be constant for the different sites in the
Tzz meta 125ms 126:13ms 286ms 32Z32ms molecule, the correct prediction of the relative values of the
T pata  2oms DRIMs 33ms  oRIAms relaxation times indicates that the dipolar relaxation mechanism
T4 meta 565 62035 6.2 6.4-03s treated in this paper is |n(_1leed primarily responsible for the
T.H para 6.6 6.603s 69s 6.903s observed relaxation behavior.
TSortho 63ms 73t 4ms 97ms  12&6ms Despite the success in modeling our data with the motions
Tf'meta  56ms 5@ 2ms 96 ms  8@4ms of a terminally bound thiophenol ligand, the temperature
TH para 98 ms 1055 237ms 2406t 12ms

dependence of thi transverse relaxation times is unusual and
2R, RE, R, andRM are random-field relaxation rates included unexpected. The data, Table 6, show thatlecreases as the
in the fits to account for relaxation mechanisms other than the explicitly temperature is increased and that the size of the effect increases
included dipole-dipole mechanism. in the larger nanocrystals. Since the motional model is
significantly with nanocrystal radius while the random-field successful at explaining the relative values of all the measured
relaxation rates decrease significantly. For this model, it appearsrelaxation times, an additional mechanism must be proposed
to be the random fields that force the model to fit and not the for the temperature dependence of the relaxation times that does
important parameters of the model. In the fit for terminally not strongly depend on the molecular position of the nucleus
bound ligands, the overall correlation tintg, and the correla-  under study. From the work of Hagen et'alone might be
tion time for rotation about the CeS bond tj;, remain constant tempted to explain the data by the onset of exchange between
while the correlation time of the-SC bond,ti;, decreases by 3 bridging and terminal bonding arrangements at the higher
orders of magnitude. The random-field relaxation rates slightly temperature. Such an explanation is not satisfactory because
increase for thé3C relaxation but remain roughly constant for the bridging site is not seen in the spectrum at the higher
theH relaxation. For these reasons, we conclude that the datatemperature and the rate of exchange would not be expected to
are most consistent with terminally bound thiophenol ligands. be such a strong function of nanocrystal radius. An alternative
The observation of decreasing internal correlation times with explanation for these data is that at higher temperatures electrons
nanocrystal radius suggests that the energetic barriers to thesare being excited, leading to paramagnetic relaxation of the
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thiophenol ligands. This excitation can occur either to the probe of the nanocrystal electronic state. For example, the
conduction band or surface-trap states. For the nuclei in arelaxation behavior appears to be sensitive to the radius and
semiconductor, for example, the Si nuclei in a crystal of Si, it the number of charge carriers in the nanocrystal.

has been shown that the longitudinal relaxation time is affected  Previously, detailed information about the structure and
by precisely this mechanism, where the coupling between the dynamics of surface capping molecules on nanocrystal surfaces
conduction band electron and the nuclei is provided by the Fermi has been difficult to obtain. NMR appears to be an ideal tool

contact interaction. Theory and experiment of tie of for extracting this information, which is needed in order to fully
semiconductors have shown that the(] T-¥2 whereT is the understand such properties of the nanocrystal as ultrafast
temperature of the sampfé. A recent measurement @} and trapping of photon-generated electrons and h&ie¥. By

T, in semiconductors by Vieth, Vega, Yellin, and Zamir has binding organic molecules to the surface, one hopes to move

experimentally show thal; in these systems is approximately all mid- or near-band-gap surface states to much higher energies

proportional to T2.42 and quench this surface trapping. Clearly, to accomplish this,
In the data presented in Table 4, the magnitude of the changethe coverage will need to be increased to saturation and the

in T, is greater for the larger particles than for the smaller effects of these changes on the surface can be monitored by

ones. In our fits to the motional model for terminally bound NMR.

thiophenol ligands, we also see the proton random fields are

large and constant while the carbon random fields increase with  Acknowledgment. J.R.S. is grateful to Zoran Kurtovic for

nanocrystal radius. Both of these effects correlate with the helpful discussions and to Alexander Pines for continuing advice

measured decrease of the band gap with increasing nanocrystahnd support. This research was funded by the Director, Office
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excited electrons in the conduction bands of larger nanocrystals.Sciences Division of the U.S. Department of Energy, under
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band electrons make a significant contribution to the nuclear

relaxation of the proton and carbon nuclei on the thiophenol Appendix 1

ligands. Surface-trap states could also explain these results if . . - . o

the energy difference between the valence band and the trap To flnd_ the cond!tlonal probaplllty for rotational diffusion

scale with the nanocrystal size. More careful measurements©f the thiophenol ligand about its sulfucarbon bond, the

and calculations need to be performed to verify this proposal. diffusion equation

Conclusions ap(y' ty.0) _ (1\9°p(' ty.0)

. . at (E} 2 (AL-1)
We have presentetH and13C NMR relaxation studies for i dy

the thiophenol ligands of CdS nanocrystals. The data provide ) o )

a wealth of information on the surface structure and dynamics Must be solved, whertis the correlation time for the internal

of these materials. First, théH and °C NMR spectra motion. We assume a delta function initial condition

demonstrate that there is predominately a single type of

thiophenol on the nanocrystal surface. While the simple 1D p(y',01v,0)=o(y' — ) (A1-2)

spectra are not easily assigned to the possible bonding arrange-

ments of the thiophenol ligands, an analysis of the relaxation and periodic boundary conditions

data as a function of nanocrystal radius suggest that the

thiophenol ligands are terminally bound. From the variation p(0,t|0,0)= p(27,t|0,0) (A1-3)

of the internal correlation times with nanocrystal radius, the

rotation of the thiophenol about the €& bond is seen to be  The periodic boundary conditions imply a Fourier series

increasingly hindered as the nanocrystal radius decreases. Thigxpansion of the conditional probability

implies that the distribution of thiophenol ligands on the surface

is not homogeneous, but rather the thiophenol ligands form 1 ®

islands on the surface. The motion could be further sterically p(y',t|y,0) = —ay(t) + Z{ a,(t) cosm(y’ — )] +

hindered by the solvent pyridine, which is thought to be rapidly 2 =

exchanging on and off the surface. These islands of covered b.(t) sin[m(y’ — 7)1} (Al-4)

nanocrystal surface could profoundly influence the properties

of the nanocrystal. Uncovered regions of the nanocrystal could

) ; ) where the Fourier coefficients are given by
provide trap sites on the surfagend influence a permenant

dipole moment of the ground state. 1 pm
The anomalous temperature dependence of transverse relax- ay(t) = ;f,ﬂp()/' t7,0) cosph(y" — y)ldy’ n=0
ation is governed by an additional mechanism. A possible (A1-5)

mechanism is paramagnetic relaxation of tHeby a thermally
populated paramagnetic state of the nanocrystal. Since theand
relaxation rate predicted by this mechanism depends on the

electronic population thermally excited into the conduction band, 1y, ) , ,
it should scale directly with the band gap of the nanocrystal. by(t) = ;f,ﬂp(y tly,0) sinn(y" — y)] dy n>0
Consistent with this theory, the data demonstrate that the smaller (A1-6)

nanocrystals have smaller changes in the relaxation rates than

do the larger particles. This behavior should be a general By substituting the Fourier expansion of the conditional
property of all semiconductor nanocrystals and suggests thatprobability into the diffusion equation, an infinite number of
the relaxation behavior of the nanocrystal ligands can act as adifferential equations, one for eaeh(t) andbp(t), is produced
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1 9ag(t)
—+

5 ot
o [Bam(t)

2

9b(0)

cosim(y’ — y)] + sinfm(y" — )]

= —(t—li)”;mz{ ay(t) cosn(y’ — )] +
by(t) sinfm(y" — )1} (A1-7)
The differential equation fam = 0 is (9ap(t))/(dt) = 0, which

implies thatag(t) = constant. Whermrm = 0, we find the
differential equations

Bl —(t—li)nfam(t) (AL-8)
and
abg”t(t) = —(t—li)mzbm(t) (A1-9)
Integrating these equations gives
a,(t) = a,(0)e ™" (A1-10)
and
b,(t) = b, (0)e ™" (A1-11)

The preexponential factog,(0) andb,(0) are given by

8,(0) == [ (" — ) cosin(y’ — y)] dy' == (AL-12)

and

b,(0) =2 /7 0/ = ) sinlm(y =P dy' =0 (A1-13)

for all m. Thus, we find that the conditional probability for
rotational diffusion is

0

1 1 — At/
p(y' tly,0) = o +—% e "cosin(y’ —y)] (Al-14)

T
which simplifies in the long-time limit to

1_
(S

v 1.1 )

" cost’ — )

Appendix 2

In the calculation of the spectral density function for a
terminal thiophenol, there are two degrees of freedom. Expand-
ing the spherical harmonics describing the orientation of the
internuclear vector in the laboratory frame into the particle and

molecular frames defined in Figure 1b gives

Yz,q(eLFij (t)’¢LFij o) =
> Dam AR -p(1)Dpyp A(Rpaia (D) x

m,n,|

D A Qu12®) Yoy (Opz-pad Priz—pad) (A2-1)
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Since motion about both the €& and the SC bonds is
now possible, this transformation requires one more rotation
than in the bridging case. The new franM$ andM2 refer to
an axis system where theaxis is along the CdS and S-C
bonds, respectively. In the case of tM2 axis system, the
x-axis is assumed to be in the plane defined by the phenol ring
of the thiophenol. They euler angles of Qp.y1 =
{ oap—m1Bp—mryp—m1} andQmi—mz = { ami—mz2,Bmi—mz,ym1—mz2}
are time dependent and reflect the motion about the £dnd
S—C bonds, respectively. This expansion of the spherical
harmonics is put into the expression for the correlation function,
eq 2. If the overall tumbling of the nanocrystal and both of the
two internal rotations are all assumed to be uncorrelated from
one another, we obtain

Cq) = ngzﬁzlrDDq,m(z)(QL—»p)Dq,m(z)(Q'L—»P)* [x
mn,|
DDm,n(Z)(QP—-Ml)Dm,n'(Z)(Q'P—»Ml)* D]]Dn,l(Z)(QMlﬁMz) X
Dn',l'(z)(Q'Msz)* WZ,I(GMZﬁPASij 10)Y2,I'(9M2ﬂPASij 0)* (A2-2)

Again using egs 5, 6, and 7, equation A2-2 becomes

.7-[ —U/T,
Clt) = 2_5“)029 v mZdn,|(2)(ﬁM1~M2)dn,|'(2)(ﬂM1~M2) X
47

e el IVZ)DYz,l(6’1\/124:;\3” iO)YZ,I’(eMZﬂPASij 0)*
(A2-3)

As in the bridging case, isotropic tumbling of the nanocrystal
makes the index irrelevant. The real part of this equation
simplifies to

. —t/7,
C) = stoze v mZdn,|(2)(ﬁM1~M2)dn,|'(2)(ﬁM1~M2) X
&

|Y2,|(9M2~PAsij 0)/{ eog n(y'y — yp}meoq 'y, — ly} 0=
Sin{n(y'y — y)}ISin{l'y', — 1y} (A2-4)

The ensemble averadsin{n(y'ys — y1)}Uis zero since the
integrand is odd. This implies that only the two cosine integrals
need to be explicitly evaluated. The integ@g n(y's — y1)} 0
is given by eq 12, with the replacement pfwith tj;. The
integral [coq1'y', — ly,} Ois found to be

1.0 1 21 2 1 —UTj 1
Etos{lyz—lyz}kgzjé OT§+em2c0qy2—

Vz}] coql'y’, = Iy} dy', dy,

1 forl=1'"=0
={ g Ut forl=1"==+1
0 for all other cases

(A2-5)

By inserting eqgs 12 and A2-5 into equation A2-4, the
correlation function for a terminal thiophenol is found to be
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T i _
Cc) = 2—5tz{ |dO,O(Z)le~M9|2|Y2,0(6M2~PASI,J ’0)|ze Vi -
2| dl,o(z)(ﬁMPrvlz) % Yz,o(eMzﬂpAsi.j 0)7e” Wt 1)
2| dl,O(Z)(ﬂMl—-MZ) |2|Y2,1(91\/|2——PASIJ 0l 2g (Wt ila)

2(|d1,l(2)(ﬂMlﬁM2)|2 + |dl,71(2)(ﬁMlﬁM2)|2) X
|Y2'1(9M2*,PASIJ '0)|2e—t(l/tm+l/li1+l/ti2)} (A2_6)
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