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he field of plasmonics has been one of
Tthe most exciting and active research
areas in nanoscience and nano-
technology.' ® The resonant excitation of
surface plasmons on subwavelength metal-
lic nanostructures provides ways to manip-
ulate electromagnetic waves beyond the
diffraction limit and to tailor light—matter
interactions at the nanoscale, which may
enable a rich variety of new technologies
including plasmonic solar cells,* surface-
enhanced spectroscopies,” '° sensing,'' '*
bioimaging and therapeutics,'*'® drug
delivery,'”'® superlenses,' nanolasers,? op-
tical recording,?' and plasmonic rulers.>?
Chemical synthesis of metal nanostruc-
tures with well-controlled size and morpho-
logy represents a versatile bottom-up ap-
proach for accessing nanoscale plasmonic
building blocks.* % Gold nanorods
(NRs), with a broadly tunable aspect-ratio-
dependent longitudinal surface plasmon
resonance (LSPR), are one of the most
studied colloidal plasmonic nanostruc-
tures.2?® Seeded growth of gold NRs in
aqueous medium, pioneered by Murphy
et al.and laterimproved by El-Sayed et al,?* 3!
has been well-documented in terms of control
over NR size and shape uniformity and the
spectral tunability of the LSPR. The original idea
was to use micelles formed by the cationic
surfactant hexadecyltrimethylammonium bro-
mide (CTAB) as a “soft template” to direct
NR formation. Since then, factors including
temperature,”® pH,3273* crystallinity of
seed particles, concentration of react-
ants,***”739 single-component surfactants
other than CTAB**' binary surfactant
mixtures,>'”” and the presence of iodide ions
in the growth solution*?~*® have been care-
fully evaluated by several research groups,
and many modifications of the initial recipe
have been carried out to help gain a better
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ABSTRACT

We report an improved synthesis of colloidal gold nanorods (NRs) by using aromatic additives

that reduce the concentration of hexadecyltrimethylammonium bromide surfactant to

~0.05 M as opposed to 0.1 M in well-established protocols. The method optimizes the

synthesis for each of the 11 additives studied, allowing a rich array of monodisperse gold NRs

with longitudinal surface plasmon resonance tunable from 627 to 1246 nm to be generated.

The gold NRs form large-area ordered assemblies upon slow evaporation of NR solution,

exhibiting liquid crystalline ordering and several distinct local packing motifs that are

dependent upon the NR's aspect ratio. Tailored synthesis of gold NRs with simultaneous

improvements in monodispersity and dimensional tunability through rational introduction of

additives will not only help to better understand the mechanism of seed-mediated growth of

gold NRs but also advance the research on plasmonic metamaterials incorporating anisotropic

metal nanostructures.

KEYWORDS: monodisperse - gold nanorods - CTAB - salicylic acid -
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understanding of the reaction mechanism.
These efforts have led to the speculation that
rather than micelle-templated growth, prefer-
ential binding of CTAB molecules onto certain
facets of developing NRs seems to be opera-
tive in the growth of gold NRs.***’ Impor-
tantly, Murphy et al. and Jin et al. demon-
strated that the high concentration of CTAB
(0.1 M) needed for gold NR formation is
indeed a requirement for the high concentra-
tion of bromide counterions, although in both
reports, control over NR monodispersity un-
der reduced CTAB concentration was not
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found to be better than the standard procedure.’*®

Despite these advances in gold NR synthesis and
recent progress in postsynthetic shape-selective pur-
ification of NRs from nonrod-shaped bypro-
ducts,*~>" the quality or monodispersity of the as-
synthesized gold NRs (this is particularly true for
NRs with a LSPR less than 700 nm or greater
than 900 nm) using existing protocols is still far from
ideal.

It is well-known that surfactant molecules self-
assemble into micelles in aqueous solution above the
critical micelle concentration.>? Certain cationic surfac-
tants such as alkyltrimethylammonium halide and
alkylpyridinium halide can form rodlike or wormlike
micelles at high concentrations, thus rendering the
solution viscoelastic.>® In particular, it has been shown
that the micellization behavior of CTAB surfactant can
be modified through the addition of certain aromatic
compounds such as sodium salicylate.>* >’ Inspired by
knowledge on the complex phase behavior of cationic
surfactants in the presence of aromatic counterions
from the surfactant science community and numerous
efforts to elucidate the mechanism of seeded growth
of gold NRs, we exploit the possibility of using those
aromatic additives in combination with a reduced
amount of CTAB surfactant for improved synthesis of
gold NRs.

In this work, we report an improved synthesis of
colloidal gold NRs through seed-mediated growth.
What has been widely accepted as “essential ingredi-
ents” for gold NR synthesis such as CTAB, silver ion,
ascorbic acid, and CTAB-capped gold seeds are main-
tained in this newly developed methodology. How-
ever, we demonstrate that through judicious choice
of aromatic additives, monodisperse Au NRs with
negligible shape impurities (<1% of the total number
of particles) and broadly tunable LSPR peaks can
be synthesized under a significantly reduced concen-
tration of CTAB (~0.05 M) in the NR growth solution.

RESULTS AND DISCUSSION

Synthesis of Gold NRs with LSPRs Less than 700 nm Using
Salicylate-Based Sodium Salts. Seed-mediated growth in
the presence of the cationic surfactant CTAB has been
continuously improved since its first demonstration by
Murphy et al. and is now widely adopted for the
preparation of gold NRs.>**' The NRs obtained typi-
cally exhibit LSPRs greater than 700 nm, corresponding
to a NR aspect ratio larger than ~2.8. Preparation of
gold NRs of relatively small aspect ratio has been
demonstrated using mild oxidation with Au(lll)—CTAB
complexes,”® O, or H,0, in an acidic environment,>*%°
anisotropic chemical etching with cyanide or ferric
chloride,®"%? laser-induced thermal heating,®® and
controlled overgrowth of preformed gold NRs.%%%*
However, these postsynthetic modification strategies
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usually offer limited control over size and shape uni-
formity of the final products, and thus a one-step
synthesis of monodisperse short gold NRs with LSPRs
in the visible region is still desirable.

To grow short gold NRs, here we report the use of
salicylate-based organic salts as the additive together
with CTAB (~0.05 M in the growth solution) whose
concentration has been reduced by 50% compared to
the standard recipes (0.1 M). It has been widely
accepted that the hydrophobic benzene ring of the
additive tends to penetrate into the hydrophobic alkyl
chain of the CTAB monomer. Meanwhile, the salicylate
anion can orient in such a way that the negatively
charged COO™ group stands perpendicular to the
surfactant and projects radially from the surface of
the micelle into the bulk aqueous solution.>*> These
two factors change synergistically the micellar packing
parameter p = v/Al, where v is the effective volume of
the hydrophobic chain, A is the effective area of the
polar headgroup, and / is the length of the hydrocar-
bon chain.>? Insertion of the phenyl moiety of the salts
increases the v of the CTAB micelle. Anion association
reduces the micellar surface charge and decreases A by
reducing the electrostatic repulsion between the qua-
ternary ammonium groups, promoting the spherical to
rodlike micellar transition. In this work, the two aro-
matic salt additives tested for gold NR synthesis are
sodium 3-methylsalicylate and sodium salicylate.
Figures 1a,b and S2 show the TEM images of gold NRs
synthesized with 0.0126 M sodium 3-methylsalicylate
present in the growth solution. The NRs obtained have
an average diameter of 14.0 £+ 1.0 nm and a length of
33.0 £ 2.5 nm (corresponding to an aspect ratio
of ~2.4), giving rise to a LSPR peak centered at about
627 nm. On the other hand, slightly longer NRs are
made when 0.010 M sodium salicylate is used as the
additive. As shown in Figures 1d,e and S3, the NRs
exhibit average dimensions of 14.0 = 1.2 nm in dia-
meter and 36.0 & 2.5 nm in length (corresponding to
an aspect ratio of ~2.6), resulting in a LSPR band
around 653 nm. In both cases, the level of shape
impurities such as spherical nanoparticles or nano-
plates in as-synthesized samples is dramatically lower
than those of previous gold NR preparations using
silver-assisted seed-mediated growth, which is also
evidenced by the strong, sharp LSPR peaks in the
ensemble extinction spectra (Figure 1g). HRTEM
images (Figure 1c,f) indicate that gold NRs grown in
the presence of aromatic sodium salt additives are
single-crystalline with a [001] growth direction. It is
worth pointing out that recent crystallographic studies
of gold NRs showed that the side facets of gold
nanorods are dominated by high-index planes.>%¢

Synthesis of Gold NRs with LSPRs Greater than 700 nm Using
Aromatic Acid Additives. To explore the possibility of
tuning the aspect ratio of gold NRs and study the
effects of different aromatic additives on gold NR
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Figure 1. Synthesis of monodisperse gold NRs with LSPRs less than 700 nm using salicylate-based sodium salt additives. (a, b)
TEM images and (c) HRTEM image of gold NRs synthesized under conditions specified in Table S1 using sodium
3-methylsalicylate as the additive. (d, e) TEM images and (f) HRTEM image of gold NRs synthesized under conditions
specified in Table S1 using sodium salicylate as the additive. The insets of (a) and (d) show the photograph of the
corresponding aqueous dispersion of gold NRs. (g) UV—vis—NIR spectra of gold NRs synthesized under conditions specified in
Table S1 using additives sodium 3-methylsalicylate (black curve) and sodium salicylate (red curve), respectively. Each
spectrum is normalized by its absorption at 400 nm. Scale bars: (a) 200 nm, (b) 50 nm, (d) 200 nm, (e) 50 nm.

growth, the acid forms of those aromatic additives
such as salicylic acid and its common chemical variants
are employed (Figure S1). The amount of each additive
is optimized so that the NR growth solution is not too
viscous to allow the needed solute diffusion at a CTAB
concentration of ~0.05 M. As shown in Figure 2, gold
NRs with negligible shape impurities are obtained by
using 5-bromosalicylic acid or 2,6-dihydroxybenzoic
acid as the additive, with NR dimensions of (46.0 +
3.0nm) x (12.0+1.0nm)and (51.5 +£3.0nm) x (15.5 +
1.5 nm), respectively (Figures 2a—d, S4, S5). However, a
small fraction of spherical nanoparticles does exist in
the as-synthesized gold NR sample using the additive
4-methylsalicylic acid (Figures 2e,f and S6), although
the dimensions ((51.0 &= 3.0 nm) x (14.0 & 1.5 nm)) of
the NRs are nearly identical to those obtained with the
additive 5-bromosalicylic acid. The amount of shape
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impurities is also reflected by intensities of the absorp-
tion shoulder around 545 nm in the extinction spectra
(Figure 2i). The narrow LSPR peaks centered at about
750 nm for additives 5-bromosalicylic acid (full width at
half-maximum, fwhm = 104 nm) and 4-methylsalicylic
acid (fwhm =97 nm) and around 730 nm for additive
2,6-dihydroxybenzoic acid (fwhm = 93 nm) further
confirm the monodispersity of the gold NRs. HRTEM
images show that the NRs are single-crystalline, grow-
ing along the [001] direction (Figure 2g, h), similar to
the shorter NRs prepared using aromatic sodium salt
additives (Figure 1¢,f).

Moreover, utilizing 3-methylsalicylic acid or salicylic
acid (Figures S9, S10) as the additive consistently
results in a larger fraction of spherical and quasi-
spherical impurities in the gold NR products compared
to additives 5-bromosalicylic acid or 4-methylsalicylic
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Figure 2. Synthesis of monodisperse gold NRs with LSPRs greater than 700 nm using aromatic acid additives. (a, b) TEM
images and (g) HRTEM image of gold NRs synthesized under conditions specified in Table S1 using 5-bromosalicylic acid as
the additive. The inset of (a) shows the photograph of the corresponding aqueous dispersion of gold NRs. (c, d) TEM images
and (h) HRTEM image of gold NRs synthesized under conditions specified in Table S1 using 2,6-dihydroxybenzoic acid as the
additive. (e, f) TEM images of gold NRs synthesized under conditions specified in Table S1 using 4-methylsalicylic acid as the
additive. (i) UV—vis—NIR spectra of gold NRs synthesized under conditions specified in Table S1 using additives 5-bromo-
salicylic acid (black curve), 4-methylsalicylic acid (red curve), and 2,6-dihydroxybenzoic acid (blue curve), respectively. Each
spectrum is normalized by its absorption at 400 nm. Scale bars: (a) 200 nm, (b) 50 nm, (c) 400 nm, (d) 100 nm, (e) 100 nm, (f)

50 nm.

acid, although in all four cases, the NRs formed have
very similar dimensions and thus LSPR wavelength.
The pH value of each NR growth solution is measured
to be ~2.0 (Table S3), thus ruling out the role of pH that
might account for the differences in gold NR sample
quality.

Furthermore, altering the chemical nature of the
functional groups on the aromatic additives also seems
to have dramatic impacts on the uniformity of gold NR
products. While 5-chlorosalicylic acid causes a greater

YE ET AL.

percentage of shape impurities and larger size distri-
bution of as-synthesized gold NRs in comparison to
5-bromosalicylic acid (Figure S11), 5-aminosalicylic
acid leads to almost exclusively irregularly shaped
nanoparticles rather than NRs, as evidenced by the
disappearance of the LSPR band in the absorption
spectrum (Figures S12, S13).

Fine-Tuning of Gold NR Dimensions in Certain CTAB—Aro-
matic Additive Systems. To grow NRs with larger aspect
ratios and exploit the tunability of NR dimensions for a
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Figure 3. Fine-tuning of gold NR aspect ratio using 5-bromosalicylic acid as the additive. (a, b) TEM images of gold NRs
synthesized with 0.4 mL of seed solution and 18 mL of 4 mM AgNOs solution. (¢, d) TEM images of gold NRs synthesized with
0.8 mL of seed solution and 24 mL of 4 mM AgNO; solution. (e, f) TEM images of gold NRs synthesized with 0.2 mL of seed
solution and 12 mL of 4 mM AgNOs solution. (g) TEM image of gold NRs synthesized with 0.4 mL of seed solution and 12 mL of
4 mM AgNO;s solution. The insets of (c) and (g) show the photograph of the corresponding aqueous dispersion of gold NRs. (h)
UV—vis—NIR spectra of gold NRs shown in a and b (red curve), c and d (blue curve), e and f (green curve), and g (black curve),
respectively. Each spectrum is normalized by its absorption at 400 nm. Scale bars: (a) 500 nm, (b) 50 nm, (c) 200 nm, (d) 50 nm,

(e) 200 nm, (f) 50 nm, (g) 100 nm.

given CTAB—aromatic additive system, silver ion con-
tent or the amount of seed solution added to the NR
growth solution is systematically adjusted.?™>”® For
the CTAB—sodium 3-methylsalicylate combination, it is
found that the effect of increasing silver ion content is
not to increase the aspect ratio of nanorods, but to
increase the portion of spherical nanoparticles (Figure
S15). However, greater dimensional control (aspect
ratio from 2.9 to 4.9) and thus spectral tunability
(LSPR wavelength from 705 to 904 nm) are achieved

YE ET AL.

for the CTAB—5-bromosalicylic acid system (Figure 3).
The general trend is the more silver ions or the fewer
seed particles present in the growth solution, the
longer the NRs (Table S2). Interestingly, when 0.2 mL
of seed solution is used, it does induce elongation
(64.0 & 5.0 nm in length) of the NR compared to the
case of 0.4 mL of seed solution (44.0 £ 3.5 in length)
with identical silver ion concentration (Figure 3e—g,
S$19—521), but the increase in width is more significant
(i.e., fatter NRs), giving rise to a smaller NR aspect ratio
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Figure 4. Synthesis of high aspect ratio gold NRs with the addition of HCl using 5-bromosalicylic acid as the additive. (a) TEM
image of gold NRs synthesized with 0.8 mL of seed solution and 60 mL of 4 mM AgNO3 solution. (b) TEM image of gold NRs
synthesized with 0.4 mL of seed solution and 24 mL of 4 mM AgNOj3 solution. (c) TEM image of gold NRs synthesized with
0.4 mL of seed solution and 48 mL of 4 mM AgNO; solution. (d) TEM image of gold NRs synthesized with 0.2 mL of seed
solution and 36 mL of 4 mM AgNOs solution. (e) TEM image of gold NRs synthesized with 0.8 mL of seed solution and 30 mL of
4 mM AgNOj3 solution. The amounts of added HCl (12.1 M) are 2.1 mL for NRs shown in a—c and 4.2 mL for NRs shown in d and e.
(f) UV—vis—NIR spectra of gold NRs shown in a (black curve), b (green curve), c (red curve), d (blue curve), and e (magenta
curve, collected from D,O solution of gold NRs), respectively. The orange curve is the UV—vis—NIR spectrum of gold NRs
synthesized with 0.8 mL of seed solution, 24 mL of 4 mM AgNO; solution, and 2.1 mL of HCI (12.1 M). All scale bars represent

100 nm.

and thus a blue-shift of the LSPR peak position
(from 824 to 705 nm) (Figure 3h). In addition, dog-
bone-shaped NRs, as a result of selective deposition of
Au onto NR end facets, can often be achieved in several
CTAB—aromatic additive systems by providing excess
ascorbic acid in the growth solution, which is consis-
tent with a previous report (Figures $22—524).3°
Furthermore, monodisperse gold NRs of even high-
er aspect ratio (>6.0) can be obtained by lowering the
pH of NR growth solutions in CTAB/5-bromosalicylic
acid system.323*% Figure 4 shows the TEM images of
gold NRs with aspect ratios between 5.9 and 8.5, and
the optimized growth conditions are detailed in Table
S4. Specifically, at a given pH, reducing the amount of

YE ET AL.

seed particles usually leads to the amplification of both
dimensions (length and width) of gold NRs, and the NR
aspect ratio can be further tuned by the amount of
AgNOs added. Moreover, the accessible aspect ratio is
largely limited by the pH of the NR growth solution: the
lower the pH, the higher the possible aspect ratio,
albeit at the price of increasing the level of shape
impurities. Therefore, the CTAB/5-bromosalicylic acid
combination reduces the necessity of using binary
micelle-forming surfactants and extended aging time
(~one week) for the growth of high aspect ratio gold
NRs?' and extends the range of NR dimensional tun-
ability under growth solution acidities comparable to
those previously reported.335°
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Figure 5. "H NMR spectra of (a) 10 mM pure CTAB, (b) CTAB-
capped gold NRs prepared as previously reported,®’ (c)
2 mM pure 5-bromosalicylic acid, (d) gold NRs synthesized
under conditions specified in Table S1 using 5-bromosa-
licylic acid as the additive, (€) 10 mM pure sodium salicylate,
and (f) gold NRs synthesized under conditions specified in
Table S1 using sodium salicylate as the additive. All spectra
were acquired in D,0.

Altogether, the results presented in this section
demonstrate that the effect of silver ion concentration
or the quantity of seed particles is not always to simply
change the aspect ratio of gold NR in a linear fashion.
The growth behavior of gold NRs in any given
CTAB—aromatic additive system is a delicate interplay
between elongation and expansion in orthogonal
directions from the seed particles, and this kinetically
controlled growth process is subject to a variety of
factors including reactant concentrations, pH, tempera-
ture, and ionic strength. The simultaneous tunability in
the optical resonances over a broad spectral range and
the control over sample monodispersity of the gold NRs
in the CTAB—5-bromosalicylic acid system are very en-
couraging. We anticipate that further tunability in NR
dimensions can be accomplished through finer adjust-
ment of synthetic parameters and also in several other
CTAB—aromatic additive combinations.

Numerical calculations such as the FDTD method
have been employed to predict the optical extinction
cross section and electromagnetic field enhancement in
the vicinity of individual metal nanoparticles of various
morphologies.5”%® As shown in Figure $27a, the calcu-
lated extinction cross sections of gold NRs of different
sizes are in excellent agreement with the experimental
extinction spectra (Tables S2 and S4). Indeed, a linear
correlation can be established between the LSPR peak
position and the average NR aspect ratio determined by
TEM studies (Figure S27b). Such a linear dependence has

YE ET AL.

TABLE 1. 'H Chemical Shifts (in ppm) of CTAB, Aromatic
Additives, and Gold NRs

(TAB CTAB-capped gold (CTAB/5-BrSA-capped  CTAB/NaSal-capped

protons” CTAB® NRs gold NRs gold NRs
1(CH;) 089 0.88 0.90 0.90
2(CH) 131 1.30 131 131
3(CH) 140 138 4 c
4(CH) 179 178 1.69 1.69
5(CH) 3.9 3.15 3.15 3.13
6(CH) 343 338 3.28 332
aromatic CTAB/5-BrSA-capped (TAB/NaSal-capped
protons?  5-BrSA° gold NRs Nasal’ gold NRs
5-H 6.95 6.75
3-H 6.91 6.68 6.98 6.77
4-H 7.61 1.25 7.45 7.18
6-H 8.01 7.92 7.81 7.84

@ Proton assignments according to previous results from refs 71 and 73.° 10 mM
CTAB in D,0. “Peaks unresolved due to line broadening. Proton assignments
according to previous results from refs 70 and 71. €2 mM 5-BrSA (5-bromosalicylic
acid) in D,0. 10 mM NaSal (sodium salicylate) in D,0.

also been predicted theoretically® and observed experi-
mentally by several other groups.3'>74°

NMR and FTIR Studies of Gold Nanorods Synthesized with
(TAB—Aromatic Additives. To shed light on the molecular
mechanism underlying gold NR growth in CTAB—aro-
matic additive systems, NMR and FTIR spectroscopies
are used to gather more detailed information about
the interactions between gold NRs and surfactants.
NMR, a powerful technique to study the microstruc-
tures and dynamics of surfactants or micellar systems,
is employed to examine the surface chemistry of gold
NRs. Figure 5 shows the '"H NMR spectra for a D,O
solution of gold NRs synthesized with pure CTAB,
CTAB—5-bromosalicylic acid, and CTAB—sodium sali-
cylate, respectively. A summary of 'H chemical shift
values is presented in Table 1. The chemical shifts are
assigned on the basis of previous reports of NMR
spectra of CTAB, sodium salicylate, and related aro-
matic compounds.”®~”3 For CTAB-capped gold NRs,
signals from protons (4-H, 5-H, and 6-H) that are close
to the quaternary ammonium headgroup are shifted
upfield relative to their positions in pure CTAB (Table 1;
see Figure 5 for the labeling of CTAB protons), which
suggests that CTAB molecules bind to the surface of
gold NRs through their headgroups. However, larger
upfield shifts from the same CTAB protons are ob-
served for gold NRs involving aromatic additives dur-
ing synthesis (Table 1). The increased shielding of
aliphatic protons near the CTAB headgroup region
indicates the presence of aromatic compounds on
the gold NR surface and, more importantly, their inter-
calation between the CTAB headgroups resulting from
the synergistic electrostatic and hydrophobic
interactions.”®”" This is further manifested in the aro-
matic region of the 'H spectra (Figure 6). Table 1 shows
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Figure 6. Expanded views of the aromatic region of the 'H
NMR spectra shown in (a) Figure 5¢c, (b) Figure 5d, (c)
Figure 5e, and (d) Figure 5f.
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Figure 7. FTIR spectra of gold NRs synthesized under con-
ditions specified in Table S1 using various aromatic addi-
tives. The FTIR spectrum of CTAB-capped gold NRs prepared
as previously reported®' without the use of aromatic ad-
ditives is also presented (red curve).

that signals from all three ring protons of 5-bromosa-
licylic acid are shifted upfield relative to their peak
positions in pure 5-bromosalicylic acid aqueous solu-
tion, with the 4-H resonance experiencing the most
noticeable shift. A similar trend is observed for salicy-
late ions present on the gold NR surface. Since the
interior is less polar than the surface of CTAB layers, the
amount of upfield shifts is also an indication of the
average penetration depth of individual aromatic pro-
tons into the CTAB layers.”® These NMR results suggest
that the aromatic additives stay embedded within the
CTAB capping layers of gold NRs, with the polar
substituents (the carboxyl and hydroxyl groups) point-
ing away from the CTAB hydrocarbon region and thus
residing at the surface of CTAB layers. Further evidence
supporting this picture includes peak broadening of

YE ET AL.

the aromatic proton resonances consistent with re-
duced mobility of the benzene rings (Figure 6).

FTIR spectra of gold NRs are also collected as a
compliment to NMR studies. The same NR samples for
NMR experiments were used for FTIR measurements.
As shown in Figure 7, two strong bands are observed in
the region 1600—1700 cm ™' in the FTIR spectra of gold
NRs synthesized using aromatic additives, whereas no
identifiable absorption feature appears over the same
spectral region for gold NRs made with pure CTAB. On
the basis of previous assignments, the higher energy
band can be attributed to the C=0 stretching of the
carboxyl group, and the lower energy band arises from
the aromatic ring vibrations.”*~”” Moreover, there are
several distinct bands in the region 1050—1350 cm ™"
for gold NRs synthesized with aromatic additives.
Absorptions in this so-called “fingerprint region” con-
tain contributions from in-plane C—H bending, C—0O
stretching of the hydroxyl group, and vibrations of the
benzene ring.”*~”7 Since there is usually considerable
mixing of vibrational modes in aromatic compounds, a
definitive interpretation of these FTIR peaks remain
challenging. However, the absence of these complex
bands in the FTIR spectrum of gold NRs made with pure
CTAB suggests that the aromatic additives are present
on the surface of as-synthesized gold NRs, which is
consistent with the "H NMR results.

Insights into the Growth Mechanism of Gold NRs in
(TAB—Aromatic Additive Systems. Experimental observa-
tions detailed in previous sections have provided impor-
tant insights into the growth mechanism of gold NRs in
CTAB—aromatic additive systems. In this section, we will
address several key points relevant to the mechanistic
understanding of gold NR formation in CTAB—aromatic
additive systems and outline a few questions that need to
be addressed by future research.

First, inspired by the literature on the phase beha-
vior and micellar transformations of surfactant—
additive mixtures and, in particular, those about cationic
surfactant CTAB—aromatic additive systems, we de-
monstrate in this study that the concentration of CTAB
in the gold NR growth solution can be lowered by 50%
to 0.05 M compared to the widely used recipes. This is
desirable in that it not only reduces the materials costs
for gold NR preparation but also offers the added
benefit of fewer washing steps that are necessary for
NR isolation and purification (Table S5). Moreover,
several aromatic additives are proven to be effective
in lowering the amount of CTAB needed and, at the
same time, in improving dramatically the size and
shape uniformity of gold NRs. Importantly, control
experiments show that solely reducing the CTAB con-
centration in the growth solution to ~0.05 M in the
absence of any additive leads to deterioration not only
in monodispersity but also in the yield of gold NR
products, together with a concomitant increase in the
level of shape impurities (Figure S28). Moreover, the
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Figure 8. A cartoon illustrating the proposed mechanism to
explain the role of aromatic additives (sodium salicylate is
shown as an example) in mediating the binding between
CTAB bilayers and certain facets of growing gold NRs. Note
that surfactant molecules are not drawn at the nanorod tip
region for clarity purposes.

reaction becomes more susceptible to impurity ions
that might be present in the reagents and thus is hard
to reproduce. However, supplying extrinsic bromide
ions to the 0.05 M CTAB growth solution by adding
potassium bromide salt also promotes gold NR forma-
tion (Figure $29).26478 This observation further con-
firms the important role of counterions in tuning the
interaction/binding between CTAB micelles and devel-
oping gold NRs. On the basis of experimental results
and, in particular, the NMR and FTIR studies, a binding
scheme between CTAB bilayers and gold NRs is pro-
posed and schematically illustrated in Figure 8 using the
CTAB—sodium salicylate combination as an example.
Furthermore, maintaining a reasonable CTAB concentra-
tion (~0.05 M) is necessary for high-quality synthesis of
gold NRs, which is supported by poorer sample mono-
dispersity as well as lower yields of NRs in several
CTAB—aromatic additive systems when the CTAB con-
centration is further reduced, even with a concomitantly
increased amount of additives (Figures S31, S32). In
addition, efforts to scale up the synthesis of gold NRs
using the CTAB (0.05 M)—5-bromosalicylic acid combina-
tion as an example have proven successful, as evidenced
by the NR sample quality (Figure 9 and Figure S7).
Second, the fact that using salicylate-based sodium
salts as additives produces shorter NRs compared to
aromatic acid additives provides insights into the
growth mechanism of gold NRs in CTAB—aromatic
additive systems: the salts are readily ionized in water
and thus give rise to a higher concentration of anionic
counterions compared to those of aromatic acids in the
NR growth solutions. While both the acid and salt forms
of certain aromatic additives are equally effective in
promoting the spherical to rodlike/wormlike micellar
transition,”®”® the salt tends to give less positive
micellar surface charges because of electrostatic screening.

YE ET AL.

Therefore, binding between negatively charged Au(lll)
precursors and positively charged CTAB micelles might
be more favorable for the aromatic acid additives, and
the NRs formed are longer, as the CTAB layers can
“capture” more Au(lll) species as the NR grows.

Third, the chemical nature of the aromatic additives
is critical for gold NR formation. In contrast to a
hydrophilic amino group, bromo, chloro, and methyl
groups are hydrophobic and thus do not reduce the
tendency of the benzene ring to penetrate into the
hydrophobic tail region of the CTAB molecules. This is
evidenced by the suppression of NR formation when
5-aminosalicylic acid is employed as the additive
(Figures S12, S13), as opposed to the case of 5-bromo-
salicylic acid or 5-chlorosalicylic acid. For the synthesis
of short gold NRs displaying LSPRs less than 700 nm,
tunability over the NR aspect ratio can be understood
from the fact that the additional methyl group of
sodium 3-methylsalicylate can cause a variation in
the degree of insertion of the benzene ring into the
hydrophobic tail of the CTAB monomer and thus a
difference in binding between CTAB micelles and
growing gold NRs. On the other hand, variations in
NR sample quality mainly in terms of the level of shape
impurities among the uses of salicylic acid, 3-methyl-
salicylic acid, and 4-methylsalicylic acid further demon-
strate the delicacy of the CTAB—aromatic additive
systems for gold NR synthesis (Figures S6, S9, and S10).

Furthermore, a series of control experiments is
carried out to help better understand gold NR growth
in CTAB—aromatic additive systems (Table S6 and
Figure S33). The aromatic additives employed in this
work are phenol derivatives, which are known to be
mild reducing agents. Our experimental results show
that gold nanostructures do form in an aqueous
mixture of aromatic additive and gold chloride
(Figures S33a,b,e,f). Although those aromatic additives
are sparingly soluble in water, the aromatic additive—
CTAB combination can form a homogeneous aqueous
solution due to the synergistic condensation of
the aromatic molecules onto the palisade layer of
CTAB micelles. The reducing power of the additives is
apparent on the basis of the observation that the
CTAB—additive—HAuCl, solution becomes colorless
after being mixed for about 30 min without ascorbic
acid. However, no gold NRs are obtained unless a small
amount (~2 mL) of 0.064 M ascorbic acid solution is
added to the growth solution (less than the 4.5 mL of
ascorbic acid solution required by the standard proto-
col but still necessary). We speculate that the
CTAB—additive—HAuCl, solution is arrested in a me-
tastable state and the addition of ascorbic acid pro-
duces the “active” gold species needed for seed-
mediated growth.

Self-Assembly of Gold NRs of Various Aspect Ratios into Ordered
Superstructures. Self-organization of monodisperse nano-
scale building blocks into ordered arrays represents a facile
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Figure 9. (a) Large-area TEM image of gold NRs obtained by a four-time scale-up synthesis under conditions specified in Table
S1 using 5-bromosalicylic acid as the additive. (b) Photograph of the 2000 mL Erlenmeyer flask used for the scale-up synthesis.
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Figure 10. (a—h) SEM images of liquid crystalline assemblies of gold NRs (asepct ratio = 2.9) synthesized under conditions
specified in Table S1 using 5-bromosalicylic acid as the additive except with 0.2 mL of seed solution. (i) AFM three-dimensional
topography image and (j) AFM height image of gold NR liquid crystalline assemblies. The scan size in (i) is 2 um x 2 um. (k)
Height analysis of the line profile indicated in (j). Scale bars: (a) 1 «m, (b) 200 nm, (c) 200 nm, (d) 200 nm, (e) 200 nm, (f) 100 nm,

(g) 500 nm, (h) 200 nm, (j) 200 nm.

and versatile route for metamaterials with rationally modu-
lated properties®®' In particular, liquid-crystalline-type
superstructures or superlattices composed of anisotropic
nanocrystals have attracted a fast-growing interest due to
the rich phase behaviors resulting from the added com-
plexity of shape anisotropy and the potential for emergent
collective properties.”®*~5* Here we explore the intriguing
shape-dependent packing symmetry of ordered NR as-
semblies by slow evaporation of concentrated gold NR
aqueous solutions at room temperature. Onsager's theory
on the assembly behavior of hard rodlike colloids shows

YE ET AL.

that above a critical concentration of rods there is a net
gain in entropy on transition from isotropic random
packing to a nematic liquid crystalline phase.®> As shown
in Figure 10, large-area smectic phases form in dense
NR solids, where NRs self-organize into close-packed
layers and adjacent layers align nearly parallel into
ordered superstructures. AFM studies confirm the three-
dimensional nature of gold NR assemblies with a typical
domain size of ~10 um? (Figures 10i, $43). AFM height
analysis along layers of smectic phases reveals periodic
height modulation with a periodicity of 280 = 2.5 nm
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(the NR diameter is measured to be 22.0 + 1.0 nm from
TEM images), which is consistent with recent experimental
studies showing partially interdigitated CTAB bilayers on
the gold NR surface (Figure 10jk).2%¥” Moreover, the
surfaces of gold NR assemblies are not perfectly flat but
exhibit height variations corresponding to one or two
layers of gold NRs (Figure 10jk), which could be advanta-
geous for surface-enhanced spectroscopy due to the
increased accessibility of local hot-spots.”~° However,
because of the drying process on a solid substrate (TEM
grid in this case), fluctuations in the local NR concentration
are expected and the extent of spatial ordering for mono-
disperse gold NRs is largely limited by the area over which
a uniform concentration of NRs can be maintained during
the very last stage of deposition. Indeed, this is reflected by
the coexistence of smectic and nematic phases on a single
TEM grid for gold NRs of various aspect ratios. The nematic
phase, characterized by a uniaxial orientational order and
lack of positional order, usually forms at less concentrated
regions and is more common for NRs of larger aspect ratios
(Figures S47—S549). Interestingly, for gold NRs with an
aspect ratio less than 4.0, bilayered motifs exhibiting
approximately centered-rectangular local packing symme-
try are routinely observed (Figures S35, S36, S39, and 545),
which has been rarely seen in other NR assemblies*
Moreover, the nematic or smectic ordering can be dis-
rupted through continuous bending of neighboring layers,
reminiscent of nonequilibrium drying and complex inter-
actions between the NRs (Figure 10ef). Those wavy gold
nanorod assemblies have also been reported by Murphy
et al. and referred to as “swirling clustering” or “end-to-end
cementing”.%® Therefore, theories on the packing of hard
rods under equilibrium conditions cannot fully explain the
observed structural complexity of gold NR assemblies, and

METHODS

Materials. The following chemicals were purchased and used
as received. Hexadecyltrimethylammonium bromide (CTAB, >
98.0%), sodium 3-methylsalicylate (>97.0%), 3-methylsalicylic
acid (>98.0%), 4-methylsalicylic acid (>99.0%), 5-bromosalicylic
acid (>98.0%), 5-aminosalicylic acid (>98.0%), 5-chlorosalicylic
acid (>98.0%), 2,6-dihydroxybenzoic acid (>98.0%), 3,5-dibro-
mosalicylic acid (>98.0%) were purchased from TCl America.
Salicylic acid (99+ %) was purchased from Alfa Aesar. Hydrogen
tetrachloroaurate trihydrate (HAuCl,-3H,0), sodium salicylate
(99%), deuterium oxide (D,0, 99.8%), and potassium bromide
(=99%) were purchased from Acros Organics. L-Ascorbic acid
(BioUltra, =99.5%), silver nitrate (AgNOs, >99%), sodium bor-
ohydride (NaBH,4, 99%), and hydrochloric acid (HCI, 37 wt % in
water) were purchased from Sigma Aldrich. Ultrapure water
produced with a Milli-Q Integral 5 system was used in all
experiments. All glassware was cleaned with aqua regia, rinsed
extensively with water, and dried before use.

Synthesis of Gold NRs. The seed solution for gold NRs was
prepared as reported previously.3' A 5 mL amount of 0.5 mM
HAuCl, was mixed with 5 mL of 0.2 M CTAB solution. A 0.6 mL
portion of fresh 0.01 M NaBH, was diluted to 1T mL with water
and was then injected into the Au(lll)—CTAB solution under
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development of a rigorous framework taking into account
not only entropic contributions but also nanoscale forces
including van der Waals attractions, electrostatic repul-
sions, dipole—dipole interactions, and, in particular, the
role of CTAB layers and counterion interaction in self-
assembling gold nanorods is needed.

CONCLUSION

In summary, we have demonstrated that by introdu-
cing certain aromatic additives into the well-estab-
lished seed-mediated synthesis of gold NRs, better
control over NR monodispersity and spectral tunability
can be achieved using only half the original concentra-
tion of CTAB, the cationic micelle-forming surfactant.
Uniform gold NRs with LSPRs less than 700 nm are
synthesized by adding an appropriate amount of
salicylate-based sodium salts to the growth solution.
Longer NRs with LSPRs greater than 700 nm are
accessible through the use of organic acid additives.
Moreover, we show that dimensional control and thus
optical tunability of gold NRs can be enhanced with
certain CTAB—aromatic additive systems. The results
suggest that engineering the interface or interaction
between the cationic CTAB micelles and developing
gold NRs through rational introduction of small mol-
ecules provides exciting new opportunities for size-
tunable synthesis of gold NRs as well as other poly-
hedral-shaped gold nanocrystals. We also demonstrate
the formation of three-dimensional complex super-
structures self-assembled from monodisperse gold
NRs, which are promising substrates for studies on
plasmonic coupling®® and enhancement of optical
signals including Raman, fluorescence, and upcon-
verted luminescence.” %%

vigorous stirring (1200 rpm). The solution color changed from
yellow to brownish-yellow, and the stirring was stopped after
2 min. The seed solution was aged at room temperature for
30 min before use.

To prepare the growth solution, 9.0 g of CTAB together with
defined amounts of additives (Table S1) were dissolved in
250 mL of warm water (50—70 °C, depending on the additive)
in a 500 mL Erlenmeyer flask. The solution was allowed to cool
to 30 °C, when a 4 mM AgNOs solution, as detailed in Table S1,
was added. The mixture was kept undisturbed at 30 °C for
15 min, after which 250 mL of 1 mM HAuCl, solution and, if
necessary, a small amount of HCI (37 wt % in water, 12.1 M) was
added. After 15 min of slow stirring (400 rpm), 0.064 M ascorbic
acid (Table S1) was added, and the solution was vigorously
stirred for 30 s until it became colorless. The growth solution
had a CTAB concentration of about 0.05 M and was used right
after preparation.

Finally, 0.8 mL of seed solution was injected into the growth
solution. The resultant mixture was stirred for 30 s and left
undisturbed at 30 °C for 12 h for NR growth. The reaction
products were isolated by centrifugation at 8500 rpm for 25 min
followed by removal of the supernatant. The precipitates were
redispersed in 10 mL of water. No size- and/or shape-selective
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fractionation was performed except for synthesis that involves
adding an extra amount of HCl (results shown in Figure 4). For
those samples, one round of purification decreases the amount
of shape impurities from ~4% (as-synthesized) to less than 1%
of the total number of particles.

Structural and Optical Characterization. Transmission electron
microscopy (TEM) images and electron diffraction patterns were
acquired on a JEM-1400 microscope operating at 120 kV. High-
resolution TEM (HRTEM) images were taken on a JEOL 2010F
microscope operating at 200 kV. Scanning electron microscopy
(SEM) was performed on a JEOL 7500F HRSEM operating at
2.0 kV. Atomic force microscopy (AFM) images were taken by
using a MFP-3D AFM (Asylum Research) operating in the
tapping mode. Power X-ray diffraction (XRD) patterns were
obtained on the Rigaku Smartlab diffractometer at a scanning
rate of 0.1° min~' in the 26 range from 10° to 90° (Cu Ko
radiation, 2 = 1.5418 A). "H nuclear magnetic resonance (NMR)
spectra were recorded at 300 K on a Bruker DMX 500 MHz NMR
spectrometer. The chemical shifts (0) are expressed in parts per
million (ppm) relative to 4,4-dimethyl-4-silapentane-1-sulfonic
acid as an internal standard. Prior to NMR acquisition, gold NRs
were cleaned by three cycles of centrifugation and redispersion
in H,O (D,0 for the third cycle) to remove excess or unbound
CTAB and aromatic additives. Attenuated total reflectance
Fourier-transform infrared spectroscopy (ATR-FTIR) was carried
out on a Nicolet 6700 (Thermo Fisher) spectrometer using the
GATR accessory (Harrick). A 100 «L sample of gold NR aqueous
solution (after three rounds of isolation and redispersion in H,0)
was drop-cast onto a glass coverslip that was further dried at
30 °C under vacuum for 24 h. The gold NR film was brought into
good contact with the Ge ATR crystal by using a pressure
applicator prior to FTIR measurements. Each spectrum was
collected at 2 cm ™ resolution with 256 scans. Optical extinction
spectra were recorded using a Cary 5000 UV/vis/NIR spectro-
photometer. pH values of NR growth solutions were measured
with an Accument AP72 pH meter (Fisher Scientific).

Finite-Difference Time-Domain (FDTD) Calculations. Numerical sim-
ulations for evaluating the extinction spectra were performed
using the FDTD method developed by Lumerical FDTD Solu-
tions, Inc. (version 7.5). A multicoefficient fit to the dielectric
function of gold was generated in the wavelength range of
simulation. In all calculations, the gold NR was modeled as a
prolate spheroid with dimensions chosen to match those from
electron microscopy studies. The gold NR was enclosed by the
simulation volume with perfectly matched layer absorbing
boundaries. A three-dimensional nonuniform meshing was
used, and a grid size of 0.5 nm was chosen for the inside and
immediate vicinity of the gold NR. A total field scattered field
source was used to simulate the interaction between a propa-
gating plane wave pulse and the nanorod. The refractive index
of the surrounding medium (water) was set as 1.33. The
absorption and scattering cross sections for both transverse
(not shown since they are much smaller than the longitudinal
ones) and longitudinal polarizations were calculated.

Self-Assembly of Gold NRs into Ordered Superstructures. A TEM grid
(300 mesh, Electron Microscopy Sciences) was placed at the
bottom of a glass vial. A drop (10 uL) of gold NR solution with
appropriate concentrations (0.05—0.15 mM) was placed onto
the TEM grid. The vial was then partially sealed to allow slow
evaporation. The TEM grid was dried after about 6 h.
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