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Characterisation of stock AuNP suspension. The AuNPs were synthesised
according to the standard Turkevich/Frens protocol (see experimental section). To
investigate the influence of cations on AuNP ‘ageing’, two batches of AUNPs based on
trisodium citrate TSC or tripotassium citrate TPS were made. The UV-vis spectra
(Figure Sla) and zeta size measurements (Figure Sl1c) suggest that the AuNP
concentration, size and size distribution are near-identical.
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Figure S1. Characterisation of in-house AuNPs. (a) UV-vis spectra showing similar optical
densities between trisodium and tripotassium citrate AuNPs. (b) UV-vis spectra showing
optical densities after four months. (c) Zetasize measurements confirm that the K; and Nas
have almost the same size and also size distribution.

Since the gold chloride to citrate ratio of 1:1.33 was the same for both batches, this
also means that K* and Na* have no influence on the reaction kinetics. The
hydrodynamic diameter is ~49.7 nm with a standard deviation of ~17.6 nm. The pH of
the freshly synthesised AuNP suspension is 3.5+0.1 as a result of the citrate to HAuCl4
ratio. The low pH is advantageous to keep citrate break-down products off the gold
surfaces. With pKa=4.7!, acetate/acetic acid (the final by-product) will be fully
protonated. Despite the low pH, the AuNPs are stable for months. Even after four
months from the day of synthesis, no signs of aggregation are observed in the UV-vis
spectra (Figure S1c). The decrease in optical densities is caused by AuUNPs deposited
on the inside walls of the centrifuge tubes used to store the AuNP suspensions. During
the ageing experiments, no deposition was noticed on the walls of the containers.



Ageing experiment for higher pH values and salted AuNPs. The ageing
experiment was repeated by “salting” the AuNPs with trisodium citrate (TSC) and
sodium chloride (NaCl) instead of using CB[5] as the nano-spacer.

This is to rule out potential interference between CB[5] and citrate during the ageing
process and to determine the coordination modes of citrate. The spectra of fresh and
aged AuNPs contain peaks which are also present in the ageing experiments with
CBJ5] (Figure S2a,b). To observe and compare ageing at different protonation states
of citrate, the pH values of the AUNP suspensions are adjusted to 3.8, 5.5 and 6.8 by
adding citrate buffer (TSC/citric acid) with a final concentration of 5 mM.
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Figure S2. Salted (TSC and NaCl) AuNPs fresh vs aged for different pH. (a) aged and (b)
salted.

For the NaCl-salted AuNPs, both fresh and aged, the 1300-1320 cm? mode
indicates monodentate binding of the terminal carboxylates possibly caused by
chloride ions (see main text and Figure S13 for control measurements).

At pH=5.5, the c2 coordination mode (1020 cm™) is more pronounced than for the
lower pH=3.8 where ca-t2t2 (995 cm*) dominates. This can be explained by a lower
citrate surface coverage at lower pH which allows citrate ions to span the nanogap.
The surface coverage is presumably lower at pH=3.8 (pKai=3.13) because
significantly more fully protonated citrate ions exist compared to pH=5.5.

Aged NaCl AuNPs show a decrease of the adatom-driven catz-t2 coordination with
increasing pH. Conversely, a vibrational mode at 925 cm increases with increasing
pH. This mode v(CCOQO") of the uncoordinated central carboxylate exhibits a strong
Raman activity and only occurs for t2t2 coordination.

The TSC salted AuNPs (-60 mM TSC concentration) show fewer coordination
modes; the fresh AuNPs are clearly dominated by c2 for all pH values. The two higher
pH values contain some c2-tzt2modes as evident by the vibrations at 995 and 1535 cm-



1, Aged AuNPs exhibit the adatom-driven cato-t2. At pH=6.8, there is some indication
of tat2 with the emerging 925 cm*mode. A summary of the citrate coordination modes
can be found in Table S1.

pH fresh NaCl- | aged NaCl- | fresh TSC- | aged TSC-
salted salted salted salted
3.8 C2 C2 C2 C2
co-tot2 Caoto-12 Caoto-12
C2-tot1 c2-tot2
Co-tota
Co-tola
tote
55 C2 C2 C2 C2
c2-tote cato-t2 c2-tote cato-t2
C2-tot1 Ca-tot2
C2-tot1
tot2
6.8 C2 C2 C2 C2
Co-tot2 cato-t2 c2-tote cato-t2
c2-tot1 c2-tote tot2
tot2 C2-tot1
tot2

Table S1. Extracted citrate coordination modes for salted AuNPs. The bold-face mode is the
dominant mode within the pH value. For explanation of the nomenclature, please see section
three of the main text.

Arrhenius energy calculation. The adatom-induced CC-stretch at 1080 cm
observed in the CB[5]:AuNP ageing spectra (Figure S3a) with its linear increase over
time is an excellent proxy to calculate the activation energy (Arrhenius energy) of the
underlying gold adatom migration.
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Figure S3. Activation energy of adatom mode. (a) Adatom proxy vibration for T=5, 18, 28 °C
over time. (b) Extracted slopes from the peak. From the slope in (b) the activation energy can
be directly extracted (see text).



For every temperature T the slope k of the CC-stretch must satisfy the equation
Ea
k,=Ae ksT
with kg denoting the Boltzmann constant, A a reaction constant and E, the activation

energy. Taking the logarithm of the previous equation
E, 1
Ink =1nd — k_b ?
makes it possible to extract the activation energy directly from the slope m in the
logarithmic plot in Figure S5b via

Ea ES ka.

Accounting for the uncertainty in temperature of the samples, the calculation yields an
activation energy E,= 1.1+0.2 eV = 26 kcal/mol.

Repeatability of CB[5]:AuNP. Aggregates mediated by CB[5] with a final
concentration of 2.5 uM produce highly repeatable SERS signals in terms of peak
intensities and SERS background (Figure S4a). This is due to the precise 0.9 nm gap
size defined by CB[5] and the fractal morphology of the clusters.
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Figure S4. CB[5] vs salted AuNP aggregates. (a) Five slightly-aged CB[5]:AuNP samples
showing high reproducibility (curves exactly superimpose). (b) Same nanoparticle stock
suspension aggregated with TSC showing citrate signals and lower repeatability.

Spectra of TSC-salted aggregates of the same stock nanoparticle suspension
(Figure S4b) are not reproducible, as evident by the varying SERS background and
signal intensities. The final TSC concentration is ~60 mM.

Citrate coordination modes and DFT calculations. Coordination of the
carboxylates to the Au surface results in characteristic vibrational shifts and intensity
changes of the COO- and CC stretches. This can be demonstrated by comparing the
Raman response of aqueous TSC (1 M) (Figure S5a) to the signals of the dominant
coordination mode c2 i.e. bidentate with the central carboxylate (Figure S5b).
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Figure S5. Aqueous vs adsorbed citrate. (a) Citrate chemical structure with its central (red)
and terminal (blue) carboxylate. (b) Overview of carboxylate vibrations and characteristic
vibrations bands depending on denticity and protonation stage, bound to Au and unbound. (c)
Comparison between (top) Raman of 1M TSC versus SERS of TSC-salted AUNP aggregates
(dominating citrate mode). (d) Carbon-carbon stretches and (e) asymmetric carboxylate
stretch.
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The symmetric stretch vs(COO") of aqueous citrate (Figure S5c, top) is located at
~1410 cmL. Upon bidentate coordination to two Au atoms (l2), it is blue-shifted (Figure
S7c, bottom) to ~1385 cm™. The COO-Au mode is not very useful for determining
which of the three carboxylates are coordinated because of vibrational coupling
between all three carboxylates. This makes it very difficult to disentangle each
contribution. The vs(COO") stretches are good markers to distinguish between
bidentate bridging (u2) and monodentate coordination(1k:0?) via a single oxygen.

The asymmetric carboxylate stretches va(COO®) are much more suitable for
distinguishing which carboxylate is bound. In aqueous citrate (Figure S5d, top), the
COO- stretches form a shoulder at ~1560 to 1630 cm™ with a clear separation (seen
in DFT) between the central (blue) and terminal carboxylates (red). Upon bidentate
coordination, the vibrations are blue-shifted by ~40 cm™. Coordinated terminal
carboxylates are translated to ~1530-1550 cm™ and the central carboxylates (as in
Figure S5b) to ~1560-1610 cm™. Intramolecular hydrogen bonding of the central OH-
group to the bound carboxylate (as observed in DFT) has a strong influence on the
position of the COO™-Au stretch. This results in an even stronger blue-shift by an
additional ~20 cm™.

The carbon-carbon stretches v(CC) of the CC bonds adjacent to the carboxylates
(Figure S7e) exhibit very distinct shifts when their attached carboxylate coordinates to
Au. The vibration of unbound terminal carboxylate is located at 950 cm™ (blue),
whereas the unbound central carboxylate (red) is located at 1050 cm™. Upon
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coordination of a terminal carboxylate, the adjacent CC stretch is red-shifted to 960-
985 cm. The central carboxylate (Figure S5e) CC-stretch is blue-shifted to ~1020 cm-
1 (strong red peak).

There are seven possible coordination modes that citrate can reach when trapped
inside a nanogap (Figure S6a) (excluding the hexadentate mode with all three
carboxylates bound to the same facet, which we find from DFT is not possible to flat
Au). The distinct positions of their CC-stretches in combination with the asymmetric
COOr-stretches are sufficient to distinguish these modes in a SERS spectrum.

a %) b v(C-Q) va(CO0)
o Raman (aq.) 950 1080
, o A ! / 1050
Q} OH Qzl oSBJ -
0 oH
oWo 7030
a™G 0™ DFT d m
70 0, _
—Ad—AU= Cadmme SN
Uy TkO:2C° Yy 160":2¢0° C,
= ot 974 1553 free
(Gt G-t \M
N T 3, 4.5 6
0:.-0 0:20 020 0.0 T 1535
0 HO OoH 1040 1564
07 1 OH\, 974
070 o0 0770 ,0770,
_ 1 2 _ 1 2 _ ‘_ I Cz‘tz \/
iy~ 1k07:2k03 g~ 1K0":2k03 pg- TKO":2k03 — 995 1530
k0" k03 :3k0"4k0%:5k0"6k07  :3k0":4Kk0" a NJts 1550
n W 1563
& S, =2
v 1005
) 1540
—Ad—Au= 974 1550
0,0 0:.20
\LOH oH tt,
L5 <L (>\O 1080
LA e WMM N A
14 TKO":2k0° pg 1K0'2k07 . WWAUSN G
3k01:4K03  :3k074k03 :5k07 " 6KO? G 1089|1535 1e10
< i ii 90 m
[
1380 G-t AL\
1530-1610 1685 13Q04,mo AT
% oS0 o~ on 800 1200 1600 950 1050 1550 1650

Raman shift (cm™

~

Figure S6. DFT calculations. (a) Citrate chemical structure with its central (red) and terminal
(blue) carboxylate. (b) Overview of carboxylate vibrations and characteristic vibrations bands
depending on denticity and protonation stage, bound to Au and unbound. (c) Comparison
between (top) Raman of 1M TSC versus SERS of TSC-salted AuNP aggregates (dominating
citrate mode). (c) Carboxylate stretches for (i) bidentate, (ii) monodentate, and (iii)
monodentate (protonated carboxylate).

Compared to aqueous citrate, bidentate coordination of a terminal group (t2) results
in the red-shift of the adjacent CC stretch from ~750 cm™ to 775 cm™. For the central
group, the C-C stretch is blue-shifted from 1050 cm to 1020 cm™ (1030 cm™ DFT).

For citrate modes with structural symmetries the central and terminal CC-stretches
are coupled and can coincide to form a single vibration. This occurs in c2-tat2 (strong)
and catz-t2 (weak) resulting in a joint vibration at 990-995 cm-L. This is also the case



for tot2 where coupling between the two terminal groups with the unbound central
carboxylate lead to a mode which is expected at ~1005 cm* (weak).

To distinguish between the triple bidentate modes c2-tot2 and cate-t2, the CC-stretch
at 1080 cm (green) can be used. This mode becomes very active only if a terminal
and the central carboxylate are bound on the same Au-facet. In measurements this
mode is only observed when the terminal carboxylate coordinates to an adatom.

Apart from bidentate coordination (Figure S6c, i) the terminal carboxylates are also
found as monodentate (ii) and monodentate protonated (iii):

e monodentate, unprotonated: the carboxylate binds with only one oxygen to a
single gold atom. This leads to v(CO) ~1300 cm™ and v(C=0) ~1685 cm™,

e monodentate protonated: This leads to v(CO) ~1300 cm™* and v(C-OH)
~1710 cm,

As mentioned above, the central hydroxide (-OH) group of citrate prefers hydrogen-
bonding to a carboxylate oxygen (intra-molecular H-bond). This affects the peak
positions of the asymmetric carboxylate vibrations. The characteristic -OH---OO0C
bending mode is located at 1515 cm in both measurement and DFT calculation, but
only very weakly Raman active. Binding of the hydroxide group to gold (with or without
cleavage of the hydrogen) is possible, but no stable geometry could be found using
DFT calculations. If binding occurred via the —OH group, the C-OH stretching vibration
(also weakly Raman active) located at 1140 cm* would undergo a shift and become
much more Raman active, as is the case for the C-O-Au stretches of the carboxylate
in monodentate binding.

Influence of cations (K*, Na*) on ageing. Concurrently to ageing experiments
performed with TSC AuNPs, the same ageing protocol was applied to a batch of
tripotassium citrate (TPS) AuNPs. The emerging peaks in the spectra (Figure S7, a-c)
are identical for both cations. This suggests that the influence of cations on ageing
and citrate coordination is negligible.
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Figure S7. Ageing with KsCitrate AuNPs. Spectra of ageing experiment for homemade TPS
AuNPs stored at (a) 5 °C, (b) 18 °C, and (c) 28 °C.



Citrate decomposition products. Besides citrate, the supernatant of the AuNP
suspension also contains reaction by-products (from the NP synthesis) and their
thermal decomposition products. The typical decomposition pathway is: citrate, 1,3-
acetone-dicarboxylate (ADC), acetoacetate (AA), and finally acetate/acetone. The
unstable reaction by-products AA and ADC (both as acids and salts) undergo rapid
decarboxylation during the reaction (100 °C).

a Acetone-dicarboxylate b Acetoacetate C Acetate
%1000 AUNP film x1000 AuNP film  x1000 AuNP film
= 0O 0 0
!_U'I 457 'OWO'
b= L
£
2
S 35
w)
o —
Ll
W
2.5 | |

AuNP suspension AuNP suspension

o 0o O
-0 o

50

SERS (cts mW s

o— | | | | = | | | | |
800 1000 1200 1400 1600 800 1000 1200 1400 1600
Raman shift (cm™)

Figure S8. Spectra of decomposition products. (a) SERS spectra on AuNP film of the three
most common citrate reaction by-products and their decomposition products.

Decomposition also carries on after the reaction whilst the freshly synthesised
nanoparticle suspension cools down to room temperature (ca. 1h in our case).

The activation energy for the decomposition of ADC and AA are 23.9
kcal/mol=1.04 eV and 23.7 kcal/mol=1.03 eV. The rate constants at 25 °C for AA
(acid) is k = 1.64 x 1073 min~! and for ADC (acid) k = 0.99 x 1073 min~1.12 Tables
S2 and S3 contain the calculated decomposition times for different temperatures
confirming the rapid decomposition.

acetone-dicarboxylic acid?

E, = 23.7 kcal/mole = 1.03 eV

temperature (°C) decomposition rate k (mint) | t until 90% decomposed
5 10.3 x 10° 15d

18 0.70 x 103 546 h=2.26d

28 2.75x10°3 13.9h

100 5.93 0.39 min

Table S2. Acetone-dicarboxylic acid decomposition. Calculated decomposition rates (first
order decomposition) and approximate time for 90% decomposition at different temperatures



acetoacetic acid*
E, = 23.7 kcal/mole = 1.03 eV

temperature (Celsius) | decomposition rate k (min) | t until 90% decomposed
5 5.51 x10° 29d

18 0.38 x 103 101.8 h=4.24d

28 1.47 x 103 26 h

100 3.18 0.72 min

Table S3. Acetoacetic acid decomposition. Calculated decomposition rates (first order
decomposition) and approximate time for 90% decomposition at different temperatures

Based on their SERS spectra (Figure S8, a-c) on plasma-cleaned AuNP films (top) and after
the addition of excess amounts to fresh agueous AuNPs (bottom), it is evident that observed
ageing process is not related to citrate decomposition products. This is further supported by
swapping the supernatant of aged and fresh AuNPs.

ADC AuNPs. It is possible to synthesise gold nanoparticles by using disodium 1,3-
acetone-dicarboxylate (ADC) instead of trisodium citrate as the reducing agent. By
doing so, the SERS spectra of citrate decomposition products, e.g. acetoacetate,
without the presence of citrate can be observed.
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Figure S9. Disodium acetone-dicarboxylate AuNPs. (a) SERS spectrum of freshly-made
NaCl-salted disodium acetone-dicarboxylate AuNPs. (b) SERS spectrum of aged NaCl-salted
DAD AuNPs. (c) SEM of synthesised DAD AuNPs showing spherical particles with a “binary”
size distribution.

The synthesis yields mostly spherical AUNPs with a binary size distribution (Figure
S9c). the typical ageing response observed in citrate-reduced AuNPs is not seen even
when the particles are aged (Figure S9a). This confirms again that thermal
decomposition of citrate by-products is not responsible for ageing.

Effect of HAuCls on AuNP size (at room temperature). Through the addition of
HAuCls to the AuNP suspension, etching of adatoms is observed. The presence of
citrate also leads to a slight growth of the AUNPs. However, the reaction rate for growth
is very low (it normally requires 100°C). Therefore, the balance of these two is slow
etching but only of adatoms off the facets. Zeta size measurements show that the
hydrodynamic radius barely increases over 2h (likely not a significant variation) (Figure
S10).
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Figure S10. Etched AuNPs zeta size measurement. Slight size increase of AUNP suspension
after (2h) the addition of HauCla

Control experiment: Boiling of aged AuNPs without HAuCls. Boiling aged
AuNPs aggregates without addition of HAuCl4 (boiled after aggregation) increases and
slightly broadens the adatom mode at 1080 cm (Figure S11a) This is indicative of
adatoms being formed.
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Figure S11. Boiling aged AuNP aggregates (a) Typical ‘aged’ CB[5]:AuNP spectrum (black)
with adatom peak at 1080 cm™. Boiling of the CB[5]:AUNP aggregates leads to an increase of
the adatom mode.

AuNP gap size. A geometry optimisation for citrate in the gap-spanning
configuration co-t2t2 with increasing distance between the Au slabs is performed
(Figure S12a). For an Au-Au centre distance of nearly ~1 nm, the co-t2tz mode
transitions to the non-spanning tzt2. This calculation gives a good intuition about the
maximum gap size for the gap-spanning mode. The calculation is also consistent with
what is seen in SERS measurements for fully deprotonated citrate — coordination
without the central carboxylate can occur.
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Figure S12. DFT gap size calculation. (a) Evolution of average COO-Au bond for gap size
between ~0.8 nm and ~1 nm. At around 1 nm gap distance, the cz-t2t; coordination transitions
into tot,.

Surface chlorides and monodentate citrate binding. To prove that surface
chlorides are preventing citrate from bidentate binding, AUNP aggregates are formed
with a range of mono and divalent salts of which three (MgCl2, CaClz, NaCl) are
chlorides.

Consistent with our hypothesis, all three chloride-salted AuNP aggregates (Figure
S13a) show the strong C-O stretch at ~1300-1320 cm* (monodentate, labelled Mono)
as a result of only one carboxylate oxygen coordinated to the Au surface.
Simultaneously, the decreasing intensity of the symmetric carboxylate stretch at
~1380 cm (Bi) shows that bidentate binding is reduced. The dominant mode of the
chloride-salted aggregates is clearly the gap-spanning mode cz-t2t2 with the strong 995
cmtand weak 1020 cm vibration.
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Figure S13. Chlorides in salted AuNPs. (a) Aggregation of slightly aged AuNPs with different
salts. The green spectra, which all contain chloride ions, show clear evidence of monodentate
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binding. Aggregation by using magnesium citrate or sodium acetate, show regular bidentate
binding.

Control measurements with two citrate salts (magnesium citrate and trisodium
citrate) show typical citrate signals with strong cz2 and some cz-t2t2 coordination (only
for Mg citrate), but no evidence of monodentate binding. The SERS spectrum for
sodium acetate-salted aggregates show typical citrate signals as obtained for the
citrate salts or the citrate signals on AuNP films. There is some acetate adsorbed on
the Au surface (black arrow) as revealed by the characteristic v(C-C) of acetate at
930 cm™ (see Figure S8c). Despite acetate being adsorbed, there is no evidence of
monodentate binding of the adsorbed citrate species.

Identifying surface chlorides in AuNP nano-gaps. The presence of adsorbed
chlorides on the gold surface can be confirmed via low-wavenumber Au-Cl vibrations.
Upon addition of chloride salts (MgClz2, CaClz, KCI, NaCl) and also HCI to freshly
aggregated AuNPs (salted with 60 mM TSC), peaks at ~170 and ~240 cm'* emerge
(Figure S14). Both peak positions are characteristic Au-Cl vibrations which have been
studied in the past.>®
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Figure S14. Trisodium citrate-salted AuNPs and chlorides. (a) AUNP aggregates formed by
“salting” with TSC. After aggregation, chloride salts/HCI are added and low-wavenumber
SERS is recorded. Background of spectra is shifted; no scaling is performed.

SEM close-ups of AuNP films. For the investigation of citrate binding in an
environment free from citrate by-products, AUNP films are used (see methods section
of main text for details). These AuNP films consist of one to three layers of close-
packed 80 nm AuNPs as evident from the SEM images (Figure S15, a-d). A close-up
image of the films prior to plasma treatment (Figure S15c, red arrows) clearly shows
signs of electron irradiation damage (“halo-effect”) of organic compounds deposited
locally onto the AuNP surface. The Oz plasma cleaned AuNPs with all organics
removed do not exhibit this effect (Figure S15d). In general, it can be stated that
oxygen plasma etching used here preserves the shape of the nanoparticles and their
facets.
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Figure S15. SEM images of AuNP films. (a,c) Films before O, plasma etching, while (b,d)
show the films after 30 min O, plasma treatment. Red arrows indicate electron irradiation
induced deposition of organic compounds on the AuNP surface.

Surface chlorides and monodentate citrate binding in AuNP films. Adding
sodium chloride to TSC AuNP films leads to an increase in monodentate binding of
citrate. Exactly the same effect is observed in colloidal gold clusters aggregated with
NaCl (Figure S16a). The intensity of the symmetric carboxylate stretch at ~1380 cm
decreases whilst a peak at ~1300 cm™! (C-O-Au stretch) emerges. Also clearly visible
(black arrow) is the presence of the C=0 mode of the monodentate carboxylate.
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Figure S16. AuNP films with TSC and added NacCl. (a) Upon addition of NaCl (top) to a TSC
sample (bottom), monodentate binding is detected.
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Citrate-AuNP films ageing. To investigate the ageing behaviour of these AuNP
films, a sample is kept in a citric acid solution (100 mM pH=3.5) for 87 days. The SERS
spectra (Figure S17, a-c) show the expected cz coordination mode for fresh films
characterised by a strong 1020 cm vibration (red arrow). With increasing age, citrate
starts to span the gaps with the modes cz-t2t2 and cz-t2 as indicated by the 995 (dark
blue) and 975 cm (light blue) peaks. Binding of the terminal carboxylates is further
confirmed by the COO™- Au stretches at ~1530 which develop over time. For the oldest
sample (87 days), a peak at 1050 cm™? (black arrow) suggests the presence of
uncoordinated central carboxylates. This means that also t2 modes are present. As
discussed in the main text, the lack of the 1080 cm™ vibrations suggests that the
underlying ageing pathway of AuNP films is different to the colloidal case.
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Figure S17. Ageing of AuNP films. (a) Ageing spectra, with (b) CC-stretches, (c) asymmetric
COO- Au stretches. Arrows: Light-blue marks 785 cm vibration, dark blue 995 cm™ and red
1020 cm™.
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