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Figure S 1 - Histogram for size distributions: cit-AuNP (A) and ket-AuNP (B).
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Figure S 2. Extinction spectra of ket-AuNP (left) and cit-AuNP (right), for several synthesis.
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Figure S 3. MS/MS spectrum of sodium citrate. The mas in 190.9 correspond to citrate.
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Figure S 4. SERS spectra of ket-AuNP, for several synthesis.

For 1,3-dicarbonyl compounds, like dicarboxyketone, it is common to see thermodynamically
stable enols, due to electronic delocalization between the two carbonyl groups and the formation of
intramolecular hydrogen bond forming a six member ring.! Then, assuming the possibility of coordination
not only by the oxygen, in the ketone form, but also, by the carbon in the enol form, we performed
theoretical calculations for dicarboxyketone/enol assuming more than one conformation. Since citrate does
not have this type of equilibrium, the calculation was performed for one structure only.

Figure S 5 shows some possible dicarboxyenol conformations. The frontier orbitals show that
depending on the degree of distortion and the H-bond strength, the enolic molecular structure has the HOMO
located at the carbon atoms from the double bond, while LUMO is located at the C-O bonds. In the case of a



distorted structure where there is no H-bond in the 6 membered ring, the HOMO is centered mainly on the
ring oxygens. Thus, charge controlled interactions will occur mainly in the oxygens and have a hard
character, e.g. the complex formation with rare earth. While, the interaction with soft-acid, like the gold
atoms, should be governed by the frontier orbital occurring in the C=C bond of the enol form. These findings

are important to attribute the molecular disposition at the surface.
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Figure S 5. Frontier orbitals of different conformations of dicarboxyenol molecules.

HOMO

For a better visualization and data interpretation, Figure S 6 shows the theoretical spectra of
possible stable conformations of dicarboxyketone molecule and the SERS spectrum of ket-AuNPs,
highlighting the resemblance between each species. So, aiming a lower computational cost, the molecules
alone were studied deeply before gold was introduced into the calculations.

In addition, Figure S 7 shows the SERS spectra of ket-AuNPs in extreme pH values; where
besides a better understanding of bands assignment it’s possible to disregard the possibility of only an acid-

base equilibrium of citrate for surface coordination.
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Figure S 6. Comparison between experimental SERS spectrum of ket-AuNP (A) and theoretical Raman
spectra of dicarboxyenol/ dicarboxyketone: B) Dicarboxyenol distorted in one of the carboxylates and
doubly deprotonated; C) Dicarboxyenol distorted in one of the carboxylates and deprotonated; D) Planar
dicarboxyenol; E) Dicarboxyketone.

To first assign which molecule is in fact bonded to the surface it was performed several
calculations of ketone and enol species, considering all acid-base possible equilibria. The theoretical spectra
show several differences when the molecules are deprotonated and distorted, reflecting preferential
contributions in the vibration normal modes due to the degree of electron delocalization. Contrasting all
information obtained, it is more likely that a mixture of species can be found in surface with the planar and
distorted forms, together. The planar and distorted forms can be seen in Figure S 5 labeled as structure A
and B, respectively.

Table 1 and Table S1 shows a comparison between SERS spectra of ket-AuNPs, the theoretical
spectra of deprotonated planar dicarboxyenol and the dicarboxyenol distorted in one of the carboxylates and
doubly deprotonated. As already mentioned, the electronic delocalization is highlighted by the shifts and the
different band intensities.

For example, the theoretical spectrum of the distorted form has one band in 1592 cm’!, attributed
to vO!°C'O",. The planar form, otherwise, presents two theoretical bands in the same region, 1590 cm’!,
attributed to 8O!'H'%, + vC=C%w) and 1527 cm’!, to vC3>=C® + 2(50!14H!210), . The experimental
spectrum, however, has a broad band with two maxima in 1579 cm! and 1557 cm!, which could at first, be
naturally assigned to a mixture of species. Nevertheless, the atoms involved in the vibrations are quite
different, with a higher contribution of OH in plane deformation for the planar form and CO stretching for
the distorted one. To solve this issue and to proper assign the band, the spectra in different pHs were very

helpful.
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Figure S 7. Comparison between theoretical Raman spectra and Experimental SERS spectra: A)

dicarboxyenol distorted in one of the carboxylates and doubly deprotonated, B) planar dicarboxyenol, C)
SERS of ket-AuNPs, D) SERS of ket-AuNPs in pH 12 and E) SERS of ket-AuNPs pH 2.5

Looking closely to Figure S 7, two bands can be easily seen in 1609 and 1557 cm with a
shoulder in 1530 cm! for pH 2.5, while in pH 12 there is only a broad band. These bands may be a good
indicative to assign the spectra in different pH, because in certain way they can distinguish the contributions
of both structures for the overall spectra (Figure S 7C). Therefore, we can see more of a planar structure at
pH 2.5 and more of a distorted one at pH 12. Additionally, the lower intensity of the mode in 398 cm™! and
the rise of the peak on 1470 cm™! are consistent with the presence of the enol under a planar conformation in
lower pH values for ket-AuNPs. On the other hand, looking at the SERS spectra on pH 12, these changes on
the ket-AuNP SERS spectrum cannot be seen, which indicates that a planar conformation is present in larger

quantities in an acidic medium, while more basic conditions favors the distorted enol form.



The experimental spectra in different pH also helped to assign the band around 1000 cm™' of the
experimental spectra. The high intensity of this band, according to Table S 1 suggests that the coordination
through the C=C bond had in fact happened and the intensity is a conjunction of three factors: a simple C-C
bond character?, the localization of the HOMO centered at C-C atoms and the proximity with the gold

surface.
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Figure S 8. A) Theoretical Raman, bottom, and SERS spectra, top, of Au-enol system. B) Optimized
geometry of Au-dicarboxyenol structure.
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Figure S 9. Representation of the molecular orbitals 230 and 230 involved in the LMCT transition, and the
molecular orbital energy distribution.



Table S1. Complete assignment of all possible acid-base equilibria of dicarboxyketone molecule based on Figure 4.

Structure A Structure B Structure C Structure D Assignment
1764 - - - vC'=0'3+3C'0?H"3;,
_ - 1728 (m) - vC!'=0%+ 30"“H'%(vs)
1722 - - - vCi=0'5 (vs) + 8O“H!;,
- - 1676 (vs) - vC3=0'! (vs) + 3CBO!°H5; (vs)
1590 - - - 50! H'2, +vC5=Co(w)
_ _ 1592 vOIOCIO!
1527 - - vC3=C6+ 2(30' L4H12:10),
- 1530 - vC=C®+vC8-O!!
- - 1492 vC3=C® + vC8-0!3 + 3CH’
- - 1469 v(C3-0B + vC3=C° + CH,sci(w)
1468 (s) SOIHS, (vs) + vO'°C8C!lass
1458 - - vCE=0'5 (vw) + 50H!°
- 1418 - vC'=0°+ 8C'0O"?H"3 + 3C'C?H*
1411 - - CHsci + vC8-C8 + 8C3CH + vC3-C°
- - 1392 CH,sci
- - 1345 8C3C®H’ + CH,twist
- 1334 - CHysci + vC3-0'* + §C3CH7 + vCo-C?
- - 1291 SOIICIOIOJ,_ VCI_CZ
1256 R - CH,wagg + 5C3COH’ (vw)
1225 - - 2(vCH8-OL14)+ 2(vC16-C28) + 2CH,wagg +
6014,11H10,12
- 1206 - CH,wagg
- - 1206 CH,wagg + vCS-C8+ v(C3-01°
- 1137 - CHtwist + 80'2H'3
1145 1145 CH,twist
1122 vC8=012+y(C35-0% + vCs-C8 + CH,twist
1109 CH,twist + 8C3CH’
1096 SCECPH” + CH,twist
1019 50''H'2,,
949 v(C2-C3 + 2(vC38-0%14) + CH,rock (vw)
949 vC2-C3+ 2(vC>8-Q'%10) + CHyrock (vw) +

dCsCoH



944

vC2-C3+ vCo-C8+ CH,rock

930

2vC38-0%14 + CHyrock (s)

928 (vw)

SOH  (vw)

921 (m)

(5C'C2C3 +5C5COCH),,, + vCP-010

901

CH,rock + 802H"3;,

902

CH,rock + vC8-O'4+ §C2C3C*6

855

VCI-C2+ vC8-0M+ vCI-0'1 + 5013CIO!!

844

3CC2C oy (3) HOCHC=CO oy (W)

844

vC!-C2+ 30!'C!010+ 5C2C>=C’,,

807

CH,rock + 802H"3;,

776

SCSCSZCG + 8012H13iD

768

Slong chain pp_op

758

dlong chain ;, + SO?H'3;,

751

dlong chain ;, + 80''"H'%, + 80'“H',,

744

dlong chain i op

720

S8CH’,, + 8 ring

696

dlong chain ,

680

5C°H,,

662

8long chain;, + 8012C3013;,

657

6014C8015ib+ 6013C1011in + 806=C5C2in

649 (w)

801 1=C8010 + 8012C1=O9

620

501°C*0!1, + vC1-C2+ §02H'3,,

602

5C°H,,

591

Slong chain,, + CH,twist

584

CH,rock +80°C5C,, + 501°C'O11,

573

2(6014,] IC&]O]S'B)onh

564

CH,twist (m) + 50°C!0'2,, + 5C2C5=C5,,

546

8012C8013in + 6010C101 10D(W)

522

CH,twist (s) + 50°C'0'2, +5C°H,,

521

CO=C5C2C gp)

502

CH,rock + 8C6=C3C?2

474

6C5:Céon + 6090 10 12Hl 3i1)

455

SOCECo + 50°C3=C*

435

501C3Ce,, + 80°C3=CS,, + CH,rock(vw)



416 SOBCIC2+ §09C3-C?

398 SOCSCS + SO 14C5=C6

375 CHurock + 8Co=C3C? (w)+ 8C=C°C8 (vw)

380 CH,rock + 8O CBCS + 501C5=C*
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Figure S 10. Black: SERS spectrum of ket-AuNP. Red: Theoretical Raman spectrum of dicarboxyketone in
ketone form.

One of the calculated Au-enol structures (Figure S 11), was not able to be optimized as a stable
structure, leading to the products acetoacetate and carbon dioxide, as Turkevich and others suggested.>* The
main difference between the input of this species and the others is the fact that the whole enol is protonated
and fully planar. In fact the final pHs of ket-AuNPs and cit-AuNPs synthesis are quite different (3.48 and
4.80 respectively), so, we believe the mechanism of functionalization is kinetically determinated by the

amount of citrate, its reactivity with temperature and by surface coordination.
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Figure S 11. Input and output geometries of dicarboxyketone in a protonated planar enol, showing the
formation of acetoacetate and carbon dioxide after optimization.

For the Auy-citrate (Figure S 12), the calculated electronic transitions showed more pronounced
charge reorganization, rather than a charge transfer excitation as in the case of Auyp-enol. This charge
delocalization represented by the blue/purple colors show almost no ligand participation in the transition and

the band on the right is due to intracluster transitions>.
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Figure S 12. A) Optimized structure B) Representation Charge Transfer state for the Au,o-Citrate system.
The blue surfaces represents where the electrons are coming from and the purple surface represents where
they are going. C) Electronic spectrum calculated by TD-DFT considering only the first three singlet states.
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Figure S 13. Left: ket-AuNP, in red initial extinction spectra, in blue, extinction spectra with NaCl
concentration of 1.2 mmolLl. Right: cit-AuNP, in red initial extinction spectra, in blue, extinction spectra

with NaCl concentration of 1.0 mmolL-.
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