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UV-Vis absorption spectroscopy is frequently used to ctiaréze the size and shape of gold nanopatrticles. We praskit
spectrum model that yields reliable results for the commamicountered case of mixtures of spheres and rods in varying
proportions. We determine the volume fractions of the twpydations, the aspect ratio distribution of the nanoroder@ge
value and variance) and the interface damping parametexaiidate the model by checking the fit results against siavadjle
X-ray scattering and transmission electron microscopy dat show that correctly accounting for the polydispeiisitgspect
ratio is essential for a quantitative description of thegiitudinal plasmon peak.
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1 Introduction describing the AS data is by the Gans theonyith a finite-
size correction to the dielectric function of the métalhis

The importance of gold nanoparticles in physics, biologg an approach was widely used for noble metal nanospHetresd
materials science over the last decade can hardly be ovenanorods®'’. In general, the authors only compare the exper-
stated. Their manifold applications (see Réfand refer- imental plasmon peak position with the simulation result, b
ences therein) motivated a sustained effotowards the re-  some of the models also describe its width, by including the
producible synthesis of particles (more commonly, spheregffect of polydispersity, for the sphere raditend for the as-
and rods) with controlled shape and size. Once produced, theect ratio of rods’. With many synthesis conditions, the final
particles must be characterized as quickly and as thorgughistate consists of rod and sphere mixtures, each populagion b
as possible. In general, this is first done by UV-Vis-IR apsor ing polydisperse in size and (for the rods) in aspect fatio
tion spectroscopy (AS), a widely available technique tliat p  Any realistic model should take these complications into ac
vides valuable information, since the absorption spectofim count.
noble metal nanoparticles is extremely sensitive to tHeips The analysis is usually complemented by transmission elec-
(though much less to their absolute size). tron microscopy (TEM), a technique with the major advan-

The optical properties of metal nanoparticles have been exages of imaging the particles directly and of requiring se a
tensively studied. For particles much smaller than the wave- sumptions as to their environment. However, accurate sta-
length, in the electrostatic approximation, the simplesywf  tistical analysis of the TEM images is very work-intensive
and relies on the assumption that the distribution of depdsi
T Electronic Supplementary Information (ESI) availableEN images and analysed particles is the same as in the original salutio

of nanoparticles and detailed analysis, simplified refetifor the AS model, . .
alternative estimate for the concentration and discussidime dielectric con- Moreover, TEM does not give access to the partlcle concen-

stant chosen for bulk gold. See the end of this file. trations.
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Small-angle X-ray scattering (SAXS) does not perturb thg Sample || A1 | A2 | A3 [ A4 | A5 | A6
solution, yields results averaged over millimetre-siziintes AgNO3 || 36 [ 36 | 36 | 36 | 36 | 36
and over times ranging from milliseconds to minutes and HCI 2 2 3 [43] 5 6
is practically insensitive to the organic components (véhos[ Sample|[[ BL [ B2 | B3 | B4 | B5 | B6
contribution is negligible compared to that of the inorgani [TAgNO, [[ 24 | 24 | 36 | 24 | 12 | 30
nanoparticles). The modelling process makes no partiestar HCI 0 2 2 2 3 3
sumptions beyond solution homogeneity and is very semsitiv
to the particle size, but when different types of particles a Table 1 Synthesis conditions. Amounts of AgN@nd HCI
presentit is quite difficult to discriminate between them. solutions added to the growth solution (in mL).

In this article, we develop a model that allows fitting the en-
tire AS curve, while taking into account the polydispersify
the aspect ratio. We use it to study solutions obtained in di—2 Methods
verse synthesis conditions, yielding mixtures of nanosgghe .
and nanorods with varying radius and aspect ratio. Further2-1 Gold nanorod synthesis

more, the polydispersities of the two populations and f&r 1o nanonarticles were synthesized by a seed-growth method
ative proportion change from sample to sample. This pravide;, ye presence of either sodium oletéseries A) or bromos-

an ideal testing ground for the accuracy and discriminatinga”(:y"C acid'® (series B); we changed the pH and the amount

power of the model. of seed solution to obtain varied particle characterigcg.
After analyzing the absorption spectra by full-curve fiftin the aspect ratio of the nanorods). For the seed solution,
we validate the results through a comparison with SAXS andb mL of 0.5 mM HAUC), solution was mixed with 5 mL of
TEM data. More specifically: 0.2 M hexadecyltrimethylammonium bromide (CTAB) solu-
tion. 1 mL of a fresh 6 mM NaB}isolution was injected into

» Fitting the AS curves with reasonable starting values forthe HAUC),-CTAB mixture under vigorous sirring at 1200

the radii of the spheres and rodgs(= 10nm andRg - rpm. The solution color changed from yellow to brownish-

5nm, respectively) yields the volume fractions of spheresyeHO\.N’ and the stirring was stopped after 2 min. The se_ed
and rods @ andgx) and the aspect ratii of the rods, solution was aged at room temperature for 30 min before in-

defined as the length-to-diameter ratid:= L/(2Rr) as jection into the growth solution, o
well as its polydispersityy. . The g_rowth solution was prepared by mixing 9.0g <_)f CTAB
either with 1.234 g of sodium oleate (series A) or with 1.1 g
of 5-bromosalicylic acid (series B) dissolved in 250 mL of
« The volume fractions an¥ are used as starting parame- distilled water at 30C. A varying amount of 4 mM AgN@
ters for fitting the SAXS intensity(q), which then yields solution was then added (see Tahje The mixture was kept
the radii for the spheres and rods and their polydispersitndisturbed at 30C for 15 min, after which 250 mL of a
ties (0s andor). Rs andRg are then injected back into 1 MM HAuCI, solution and a small amount of 37 wt.% HCI
the AS fitting for a refined analysis. solution were added (see Tatile
After slowly stirring at 400 rpm for 15 min, 1.25 mL of
64 mM ascorbic acid solution was added and the mixture was
* Finally, the results are checked against the values dgrivestrongly stirred until it became colorless. Finally, 0.4 (ske-
from TEM images for(Rs, 0s), (Rr, 0r) and(L,ay ). ries A) or 0.8 mL (series B) seed solution was injected into
the growth solution. The resulting mixture was stirred fors3
and left undisturbed at 30C for 12 h, allowing the particles

The comparison of the three charactenzau_o n t‘?Ch”'q”ePo grow. The particles were washed twice, by centrifugirtg (a
shows that the full-curve model for the AS data is quite rtbbu36000 g for 30 min) and redispersed in 0.1 M CTAB

and yields accurate values for the average aspect raticeof th
rods and its variance, as well as for the particle conceatrsit

It can thus be employed for rapid evaluation of synthesis pro2.2 Absorbance spectroscopy: measurement
tocols and provides detailed information even in the absenc and analysis

of time-consuming techniques such as TEM. For ease of use,

we also provide simplified relations between the features ofVe used a Cary 5000 spectrometer (Agilent) to measure the
the AS curves, on the one hand, and the morphological paabsorption spectrum of dilute particle solutions betwe@d 4
rameters of the particles and their concentration, on therot and 1400 nm. The synthesis solutions were diluted 25 to 100
hand. times (yielding a total Au volume fractio@ = ¢s+ @k of the
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Figure 1 Fits to the absorbance spectroscopy data with the majleTke curves were shifted vertically for clarity.

order of 10°) and held in polystyrene cuvettes with 10 mm y:
optical path.
The absorption spectra of gold nanorods consist of two
bands corresponding to the oscillation of the free elestein 27T.€r3n/2 I oS
ther parallel or perpendicular to the long axis of the nadero = 3] A th F(XDdx Z 2
nl0 A i-1 1-R 2

The transverse plasmon peak (TPP) has a maximum around (€1+ R em) T

520 nm and depends only weakly on the nanorod diameter. &

The longitudinal plasmon peak (LPP) is much stronger than 274’5m] J

the TPP and shifts to larger wavelength as the aspect ratio 2

X increases. To describe the spectrum of the nanorods we

treated them as ellipsoids and used Gans' formuléhich is  where is the wavelength in vacuunh,is the optical path,

a standard approach in the literature, to obtain Equafipn ( g,(A) is the relative dielectric constant of the surrounding

However, since the synthesis rarely provides monodispersgedium (water}®, &; ande, are the real and imaginary parts

nanorods, we account for their polydispersity by inteqigti  of the dielectric constant of the particleg , R), derived from

over an aspect ratio distribution(X) (first term) as well as  the (wavelength-dependent) valeigik(A ) for bulk gold” and

for the presence of an additional particle population, nlede  corrected for the additional dissipation at the interfageich

as spheres(second term), finally yielding for the absorbance introduces the size dependence via the damping parameter
Al

€2Pi_2

(1)

*The spheres contribute to the AS spectrum a peak at apprtetinmtae
same position as the TPP of the nanorods. TSee the ESI for a detailed discussion.
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wherew = 27ic/A (with ¢ the speed of light in vacuumdy, =
2.183x 10%s™! the plasmon frequencyy = 6.46x 10*?s™* the
bulk damping rateyr = 1.4 x 10°m/s the Fermi velocity and
R stands forRs, Rg or L/2, depending on the contribution to
be described.

The geometrical factorg for a prolate ellipsoid along the
major axis and along the transverse axes are respectively gi
by:

() e
Py=py= 11

2 ?

and depend on the aspect ratio via the eccentrieity
V1-X'-2,
f(X’) of the nanorods is given by a Schulz functiGnwith
average valueX and standard deviatioox. Each particle
participates to the absorptiof)(in proportion to its volume,
but f(X’) is not volume-weighted since the volume of the
nanorods is not correlated with their aspect ratio. This fea
ture has already been described in the literatuasd is fairly
well verified by the analysis of our TEM data (see the ESI).

2.3 SAXS experiments

The SAXS data was collected at the SWING beamline of the
SOLEIL synchrotron (Saint-Aubin, France), at a beam energy
of 12 keV and two sample-to-detector distances (1 and 6.5 m).

The samples were contained in cylindrical glass capikarie
(Mark-Rorchen) 1.5 mm in diameter. Preliminary data treat
ment (angular averaging and normalization) was done usin
the software BXTROT developed at the beamline and yielded
the intensity as a function of the scattering vedtar) in ab-
solute units. Subsequent data fitting was doneaor PRO
using the NCNR SANS package

2.4 TEM experiments

The TEM was done using a Topcon instrument, at a voltage

0]

3 Results and discussion

3.1 Absorbance spectroscopy

We obtain very good fits to the AS data using Equatibh (
with free parameteres, @r, X, ox andA (the radii are fixed
atRs=10nm andRg = 5nm). The experimental data and the
models are shown in Figude

3.2 SAXS

The scattered intensitl(q) is described by the sum of two
contributions: spheres with polydisperse radius (meaneval
Rs and varianceaé) and cylinders (or rods) with a fixed
length L (the SAXS is not very sensitive to this parame-
ter over the availableg-range) and polydisperse radius (with
mean valueRg and variancmé). We assume that botRg
andRg are Schulz-distributed. The scattering length den-

sities for gold and water arepa, = 1.082x 104,5\72 and
PH,0 = 9.444x 109472 * We performed the SAXS on con-
centrated solutions, with a total Au volume fractipn 1074,

We assumed that the aspect ratio distribution

2.0

15
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4 our model, Equation (1)

O extinction coefficients from the literatu
(Link & El-Sayed, Orendorff & Murphy)
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Figure 2 Ratio of the two experimental estimates for the gold
volume fractionp(AS)/@(SAXS). ¢(AS) = gr+ @5 is obtained by
ﬂtting the absorption spectrum with Equatial) (diamonds) and by
using the atomic extinction coefficient from the literat(open
dots); see the ESI for more detailg(SAXS) is obtained from the
integrated SAXS intensity as described in the text.

We started by estimating the volume fraction of gold par-
ticles in solution from the intensity integral over the en-
?’re reciprocal space. This SAXS “invariant” is given by:

100kV and a magnification of 14000. The objects were identiQ = / dqcfl(q) and, for a two-phase system (in our case,

fied automatically using the image treatment routines akél

in IGOR PRrO, individually validated by visual inspection and

sorted into "nanospheres/nanocubes” and "nanorods” decor
ing to their aspect ratio. For each synthesis batch we aedlyz
at least 100 objects of each type.

0
gold and solvent) is related to their volume fractions@y
212 (ppu — szo)Z(p(l— @)°". This treatment involves no as-
sumption as to the particle morphology.

*From http://www.ncnr.nist.gov/resources/activation/.
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Figure 3 SAXS data (dots) and fits (solid lines). For clarity, the @sare shifted vertically by arbitrary amounts and only g¥ith point is
shown.

The resulting gold volume fraction should be equal to that g5
determined from fitting the absorption spectrum (accougntin
for the dilution ratio between the two samples). 04 . .

In Figure 2 we show the ratiop(AS)/@(SAXS) for all
studied samples (solid diamonds). Its average is about 1.25 0-3
an overestimation that should be kept in mind when using< o ¢
Equation () for determining the total particle concentration. 02
We also use a different estimate fgAS), based on lit-
erature results for the spherés” and the rods$® obtained 0.1
by inductively coupled plasma (ICP). In this case, the ratio
@(AS)/p(SAXS) (open dots) is remarkably close to 1, show- 0.0t
ing excellent agreement between ICP and SAXS. The detailed Al A2 A3 A4 A5 A6 Bl B2 B3 B4 B5 B6
calculation is given in the ESI. Sample

*

*

We then perform a full fit to the SAXS data (Figusgwith Figure 4 Interface damping parametardefined in Equation?).
@ = @r+ s as obtained from the invariant estimation, while A/Rgis determined from the fits to the AS data in Figarevhile Rg
the ratio ¢s/@r and the nanorod aspect ratio are fixed at s extracted from the SAXS data (Figuse
the values extracted from the AS measurements. The fits are
generally excellent, with onlyRs, 0s) and (Rg,0Rr) as free
parameters; see Talldor the values. 3 TEM

The AS model is only sensitive to the damping paramater The TEM images show the presence of two populations, sep-
in the combinatior®/Rs, via the corrected dielectric constant arated by aspect ratio: elongatetx 2) "nanorods” and iso-
(2) (The contribution of the transverse mode of the rods, whichmetric particles (k X < 1.5), which can be either rounded
involvesA/Rg, is much weaker than that of the spheres). Hav-"nanospheres” or faceted "nanocubes”.
ing determinedRs independently from the SAXS data, we are  In Figure5 we compare the aspect raffoand its relative
now in a position to evaluatad (see Figure4). Its average dispersionox/X for the nanorods, determined from the AS
value is abou# = 0.35, to be compared with the literature val- data (diamonds) and from the TEM images (bars).
ues of 06— 2 for gold spheres—°. Finally, in Figure6 we compare the values for the raBi
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Figure 5 Aspect ratio for the nanorods, as determined from the fits 0- | | | | | | | |
to the AS data in Figuré (diamonds) and from the TEM images Al A2 A3 A4 A5 A6 Bl B2 B3 B4 B5 B6
(bars). The error bars (AS) and bar height (TEM) indicate the Sample

average value standard deviationX + ox.
Figure 6 Radii of the rod€Rg and sphereRg as determined from
the fits to the SAXS data in Figuf(diamonds) and from the TEM
andRs of both particle populations, as obtained from SAXS images (shaded squares). The error bars (AS) and bar h&ight)(
and TEM. These graphs show that modelling the data obtainefidicate the average valuestandard deviationRs+ os and
by the three different techniques provides values of thegbar RR+ OR.
dimensions that are in good agreement.

The results of the three techniques (AS, SAXS and TEM)5 The |mp0rtance Of polydlsperSIty
are summarized in Tabfor all samples.

In Figure8 we compare the simplified model discussed above

to the data in this paper and to results published by other
4 Simplified relations groups for the dependenceAfiax on X.

For perfectly monodisperse systems, the dependence

d)\mav((X,O) (dotted line in Figure) is very close to that given
by Yanet al.”’. However, a quantitative description of the
experimental data requires accounting for the polydistyers
&x < 0.15 for our experimental data (in good agreement with

Full-curve fitting of the AS data is done using a very fast an
stable routine, implemented either in MATLAB (available on
request from the first author, KS) or iicdr PrRO (available
on request from the last author, DC). It is neverthelessulisef .
to ext?act simplified relations among) the relevant paramsete tshse\r/k?ilr??e? ggzseL?r:ide;nang?ﬁ;é E?é 55 f?grtr;%?izc_)glfg;e
From extensive simulations we thus obtained polyno-gt 428 1t is obvious from Figurxee_th'at a unique curve
mial interpolations for the position and width of the LPP, Amax(X) cannot describe all the experimental data. We em-
Amax(X, &x) andW(X, ex), as well as for the converse rela- phasize that the polydispersity correction is very sigaific

tions X(Amax, W) andex (Amax, W), where we introduced the for instance Amax(7,0.5) — Amax(7,0.0) ~ 180 nm!
relative polydispersitgx = ox/X. The latter relations, which

are the most useful for evaluating the experimental resarés
shown in Figurer?. If the parameterdmax andW are known, 6§ Conclusions
the aspect ratio and its polydispersity can be read dir&cthy

the two graphs in the Figure. We characterized solutions of gold nanoparticles usingethr
The complete relations, as well as formulas for the concendifferent techniques, summarized in Fig@re
tration can be found in the ESI. Our goal was to show that fitting the full AS spectrum al-
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Figure 7 Aspect ratioX (left) and relative variancex (right) of the nanorod population simulated by Equatibhi the main text as a
function of AmaxandW (for Rr/A = 14.3nm) represented as color code.

» The total volume fraction of particleg= ¢z + ¢ inferred
from the AS data overestimates by about 25% the SAXS
results (which we consider as reliable).

1300

» The aspect ratio of the nanorods and its dispersion
(X, 0x) are determined accurately by AS and validated
by a comparison with the TEM data.

1100

E 900 * The radii for both the rods and sphe(é¥, Rs) are mea-
g sured by SAXS and confirmed by the TEM data. Com-
1% ﬁ'-ih‘ifblini bining X andRg then yields a reliable estimate for the
[ J INK et al. . . f . . .
+ Pérez-Justet al. lengthL, which is not directly accessible via either AS or
700 @ this work SAXS alone.
....... o'X/X =0.0
— 0y/X=0.25 * The model formax(X, 0x ) successfully describes the ex-
- Ox/X =05 perimental results from various research groups; in par-
500 ticular, the polydispersitgx plays an importantrole.
I I I 1
2 4 6 8 10 From the AS model, we extracted polynomial approxima-

tions for X, ox, ¢r and ¢s as a function of the features of

Figure 8 Experimental data for the dependence\gf on X, from the AS spectrum (height, position and width of the longitudi

several authors: Al-Sherbifi (Figure 1b) ¢), Link et al.® nal peak and height of the transverse peak). These formulas
(Figure 4, without reshapingp), Pérez-Justet al.”® (Tables S1 can be easily implemented in any data treatment software and
and S2) ¢) and the present worke]. Predictions of the simplified should therefore provide a fast and simple way of charagteri
model (see the ESI), for various relative polydispersities ing mixtures of gold nanoparticles, botix sity but also dur-

&x = 0x /X =0 (dotted line), 0.25 (solid line) and 0.5 (dashed line). ing synthesis, to characterize the kinetics of particletation

For all curvesRr/A = 14.3nm. and to optimize the preparation method.

Some points we have not considered in the present paper,
but that would deserve development in future work are:

lows retrieving detailed information about particle dirsems * The role of the finite size of the particles with respect
and their polydispersity in mixtures of gold nanospheres$ an to the wavelength. With increasing size, the electrostatic
nanorods. After comparison with the SAXS and TEM mea- approximation becomes less and less accurate. Correc-
surements and with other results in the literature we caleclu tions are then needed to describe the position and ampli-
that: tude of the plasmon peaks.
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Figure 9 The three techniques at a glance for sample A2. (a) Selettona TEM image. (b) TEM analysis: aspect ratio vs. radiusafb
analyzed particles, with histograms of both parameters.stiid lines are Schulz distributions with the averageesfand standard
deviations given in Tabl&. (c) AS data from Figuré. (d) SAXS data from Figur8.

» The influence of the organic layer at the interface be-
tween the particle and the medium. The nature of the lig-
ands adsorbed onto the surface of the nanoparticles mod-
ifies their optical response: for homogeneous molecular
layers, this effect might be described by a coated ellip-
soid model.

» Extending the approach to other particle shapes, ei-
ther rounded (dumbbells, dogbones) or faceted (cubes,
prisms, plates). Changing the synthesis parameters leads
to a wide variety of shapes, each of them exhibiting inter-
esting features and potential applications. It would thus
be extremely useful to extend the model in this direction.
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TEM data

Particle analysis

In Figure S1, we show the aspect ratio X as a function of the radius R for all the particles

used in the analysis (each panel displays the objects from two synthesis batches).
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Figure S1: Aspect ratio as a function of the radius for all the objects (both rods and spheres).

Particle volume and correlation with the aspect ratio

The theoretical model assumes that the volume V' and the aspect ratio X of the rods are
uncorrelated. In Figure S2 we plot V = 7R%L versus X = L/(2Rpg) for all the rods
(symbols) and the best linear fit to V' (X). The slope dV/d X is given in Figure S3. Although

this parameter is significantly different from zero for most samples, its value is randomly
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distributed over the entire series. Setting it to zero (i.e. neglecting the correlation between

V and X) is thus a reasonable pragmatic decision when aiming for a general model.
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Figure S2: Estimated volume V = 7 R%L as a function of the aspect ratio X = L/(2Rg) for
all the rods (various symbols) and linear fits to V(X). The fit slopes are shown in Figure S3.

AS model: simplified relations

From extensive simulations of the theoretical model (Equation (1) in the main text) we

extracted simplified relations between the relevant parameters:

e the absorption spectrum is characterized by the position Ay.x and amplitude Hy, of the
longitudinal peak as well as its full width at half maximum W, and by the amplitude

of the transverse peak Hy,.

e the nanoparticle suspensions are characterized by the aspect ratio of the nanorods
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Figure S3: Slope dV/dX of the linear fits in Figure S2. The error bars indicate the fit
uncertainty (one standard deviation).
X and its relative dispersion ex = ox/X, as well as the concentration of rods and
spheres, ¢r and ¢g. The results also depend weakly on Rr/A and Rg/A, where Rp
and Rg are the radii of the rods and spheres and A is the damping parameter defined

in Equation (2) of the main text.
Each simulated spectrum was fitted with the following function:

Ay (In X — py)? Ay (In X — po)?
Ay it(N) = Byexp (—a1A)+Baexp (—as A+ ex ex ,
A fit(A) 1exp (—a1A)+By exp (—az)) W 1% 207 Wor P 202

(1)

where the wavelength \ is expressed in nm and By, ai, Bs, as, A1, p1, 01, As, o, 0o are

adjustable parameters. The first and the third terms describe the peak at 518 nm (sum of
the plasmonic resonance in the spheres and the transverse resonance in the rods) and the

second and the fourth terms describe the longitudinal resonance in the rods. Parameters

Amax and W are obtained as:

)‘max = €Xp (M2 - U%)

W? = 8log 2 exp (249 + 05)[exp (03) — 1] (2b)
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Figure S4: Absorption spectrum simulated using Equation (1) in the main text and fit
with the function 4 (A\) (1) for two aspect ratios: X = 4 (left) and X = 10 (right). The
other parameters are identical for the two simulations: ex = 0.1, ¢p = ¢g = 4.4 - 1077,
Rr/A =14.3nm and Rg/A = 100 nm. The three terms in the fit function are also shown.

The dependence of Ap.x and W (both in nm units) on X and ex for a fixed value
Rr/A = 14.3nm is shown in Figure S5. The polynomial interpolation is given by (3). The
converse dependence (of X and ex on Ay and W) is more useful in practice. It is presented
in Figure S6 (also included in the main text as Figure 7) and the corresponding interpolation

is given in (4).
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Figure S5: Position Ayayx (left) and width W (right) of the longitudinal peak of the nanorods
simulated by Equation (1) in the main text as a function of X and ex (for Rg/A = 14.3nm)
represented as color-coded level curves.
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Amax (X, €x) = 394.4 + 98.69X + 0.07853X? + 134.4ex — 394.7e5 — 24.28:x X + 1713 X
(3a)

W(X,ex) =29.5+9.269X + 0.2907X? + 307.9cx — 14073 + 148.9ex X

+725.7e% X + 2.618x X2 (3b)
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Figure S6: Aspect ratio X (left) and relative variance ey (right) of the nanorod population
simulated by Equation (1) in the main text as a function of Ay, and W (for Rg/A = 14.3 nm)
represented as color code. Reproduces Figure 7 in the main text.

X (Amax, W) = —=8.155 + 0.060 A yax — 0.6061W — 0.000109A% . + 0.0013\ o W
—0.00056W? +5.08 - 107%X\3 —5.69-107"\2, W
+3.74 - 107 " A\pax W2 — 1.93 - 107303 (4a)
£x (Amax, W) = 1.408 — 0.2256 Ao + 0.9768W + 0.00041)% . — 0.00197 o W
+0.000704W2 — 1.73- 107722 +8.89-107"\2 W

—5.43 - 10" A\pax W2 + 7.097 - 10753 (4b)
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For a given morphology, the height of the longitudinal peak H, is proportional to the

volume concentration of the nanorods ¢r. We can write the latter as:

H,
= 10772 5
¢R Hl,;a ( )

where Hyj is the amplitude of the longitudinal peak simulated by the model for ¢r = 1077
(with Rg/A = 14.3 nm), see Figure S7 and is interpolated by the polynomials (6). We
emphasize that both H, and Hy, are amplitudes, i.e. the heights of the peaks with respect
to their backgrounds, and not the raw peak values. The distinction is particularly relevant

for small aspect ratio, see e.g. Figure S4.

Hi (X, ex) = —0.03127 4 0.05944X — 0.05944ex — 0.002907X> — 0.241 Xex
+5.427e% +7.765 - 107° X3 + 0.003201 X *e x + 0.3961 X% — 12.18¢%  (6a)

H (Amax, W) = 0.1748 + —0.001527 Aoy + 0.001773W + 3.541 - 107972

max

+3.627-107922 W

max

—6.213 - 10\ ax W + 1.943 - 1072 — 2.376 - 107913

max

+1.712- 107N\ W2 — 2.815 - 10793 + 5515 - 10713\ — 7.542 . 107 13)\3

max max

—7.711-107BA2 W2 4 7116 - 10 B\ WP + 3.672 - 107 B (6b)

max

The volume concentration of the spheres is:

H,
¢s=328-10"° [Hy, — H 107 ] =3.28-107° [Htp - Hy, Hlfl ’ (7)
Ip

where ¢ is given by (5) and with:

H, = 0.012+0.0035 - X ' +0.05- X2 (8)

and Hy, is the absorbance at the position of the transverse peak (518 nm).

ST
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Figure S7: Amplitude Hy, of the longitudinal peak for ¢p = 1077, Left: as a function of
(X,ex), from Equation (6a) (color-coded level curves). Right: as a function of (Ayax, W),
from Equation (6b) (color code).

So far, we have set Rr/A = 14.3nm, a value close to the experimental results. Further-
more, Apax and W only weakly depend on this parameter. For completeness, we give below

formulas for this dependence:

Amax = A:3(1.003 — 0.045 A/ R) (9a)
W = W"3(0.880 + 1.694 A/Rp) (9b)

where A\143 and T3 are the values for Rp/A = 14.3nm obtained in Equations (3).

max
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Alternative estimate for the concentration

Spheres The literature value for the atomic extinction coefficient of spherical gold nanopar-
ticles (at the wavelength of the plasmon peak) is eg = 3900 — 4000 M~!em~!.5152 The cor-
responding absorbance is As = lcau€s, Where ca, is the molarity of gold atoms and [ the
optical path through the sample (1 cm in our experiments). The volume concentration of

spheres then reads:
cauMay  AsMay
103pa0  10%legpan’

b5 = (10)

where My, = 197 g is the molar mass and pa, = 19.3g/ em? is the density of gold.

Rods In the case of nanorods, the absorbance depends on the molar extinction coefficient
of the particles as Ag = lcauer and the formula for the volume fraction is in all points
similar to (10), except for the absorbance being evaluated at the position of the longitudinal
plasmon resonance:

CAuMAu ARMAu
o = -

(11)

10%pa0  103lerpan’
Here, however, the extinction coefficient eg depends on the aspect ratio of the particles.

Fitting the literature data®? to a straight line yields the approximation:
er = (7263 X — 6224) M~ 'em ™! (12)

By extrapolating this dependence to the aspect ratio of our nanorods (taken from the
TEM data) we obtain ¢r. The sum of ¢g and ¢r, normalized by the value ¢gaxs obtained

from the SAXS data is plotted as open dots in Figure 2 of the main text.

The dielectric constant of bulk gold

In describing the absorbance of the nanoparticles, the dielectric constant of bulk gold ey (A\) =

e1(\) +iex(N) is a fundamental ingredient. Several sets of data were published, 5+ showing
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significant differences, in particular in the imaginary component €5, which is strongly affected

by the presence of defects (Figure S8).
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Figure S8: Wavelength dependence of the complex dielectric constant of gold, as given by
several authors (lines and symbols): a — real part €;(\); b — imaginary part e5(\). The values
used in this work are shown as solid green line and correspond to model (13) with parameters
given in Table S1

A very convenient analytical model, combining the Drude-Lorentz contribution and two

S9 810 For instance, with

interband transitions (DLBB) was proposed by Etchegoin et al.
appropriate values for the parameters, the model describes very well the data of Johnson
and Christy®®. We therefore use it in the following. The model is given in Equation (13)

and the parameters in Table S1.

+ A [ exp(ip;) exp(—ip;)
A[1/A% + Z/ ) o A (/A =1/ A=i/vw) (/A +1/A+1i/%)
(13)

Gbulk()\) = €0 —

We chose the parameter values such that e5() is roughly in the middle of the experimental

points from various authors (Figure S8b) and €;(\) agrees with the experimental data below
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Table S1: Parameter values for the analytical DLBB model (13), for the data of
Johnson and ChristyS® (from S9 and S10) and those used in this paper. The A
and v are given in nanometres, while ¢; and ¢, are in radians. Values modified
in our treatment with respect to S5 are given in bold.

Parameter €oo Ap Yp Aq ©1 A Gl As Va9 Ay Yo
Johnson and Christy®® || 1.54 | 143 | 14500 | 1.27 —m/4 | 470 | 1900 | 1.1 | —7w/4 | 325 | 1060
This work 4 146 | 25000 1 —7T/4 470 | 1900 | 0.5 —7T/4 325 | 1060

500 nm (Figure S8a). Above this value, the behaviour of ¢;(A) is mainly determined by

Ay, which we fix at 146 nm, rather than the 143 nm given by Johnson and Christy™, by

calibrating our model against recent dataS'! for the dependence of A\yax on the aspect ratio

X of gold nanorods (see Figure S9).
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Figure S9: Experimental data for the dependence of A\ya on X, from Ye et al.,>'! Figure S27b
(¢). The error bars represent the variance ox. Linear fit (dotted line) and prediction of our
model (Equation 1 in the main text) with Rp/A = 14.3nm, for A\, = 146 nm (solid line) and

for A\, = 143nm (dashed line).
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