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1 Experimental Part

1.1 Materials

Sodium citrate, sodium chloride, tetrachloroauric (III) acid (HAuCl4), hydrochloric acid,

sodium borohydride (NaBH4) cetyltrimethylammonium bromide (CTAB), cetyltrimethylam-

monium chloride (CTAC, 25 wt. % in water), benzyldimethylhexadecylammonium chloride

(BDAC), sodium bromide, Polystyrene sulfonate (PSS, 70kg/mol), ascorbic acid (AA), cit-

ric acid, trisodium citrate, triethanolamine (TEAOH), β -Nicotinamide adenine dinucleotide

sodium salt (NAD+) and β -Nicotinamide adenine dinucleotide reduced disodium salt hy-

drate (NADH) were purchased from Merck Sigma-Aldrich. Poly[2-(3-thienyl)-ethyloxy-4-

butylsulfonate] (PTEBS) was purchased by Solaris Chem. Sodium 11 - mercapto - 1 -

undecanesulfonate (MUS) was purchased from ProChimia Surfaces. Milli-Q water was used

in all the experiments. All glassware was cleaned with aqua regia and rinsed thoroughly

with Milli-Q water.

1.2 Synthesis of gold nanospheres

To obtain spherical gold nanoparticles (Turkevich methods) an aqueous solution of trisodium

citrate (150 mL, 2.2 mM) was heated for 15 min under stirring until boiling, followed by the

injection of HAuCl4 (1 mL, 25 mM). These nanoparticles were subjected to PTEBS coating.

To obtain larger citrate-stabilized nanoparticles, the initial nanoparticles were overgrown by

cyclic addition of HAuCl4 (1 mL, 25 mM) at 90 °C in two steps. Then, a portion of growth

solution (55 mL) was removed and the remaining solution (98 mL) was mixed with water

(53 mL) and sodium citrate (2 mL, 60 mM). This process was repeated twice to obtain

nanoparticles of ∼30 nm in diameter.
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1.3 Synthesis of gold nanocubes

Gold nanocubes were prepared according to previously reported receipt.1 Gold seeds nanopar-

ticles were obtained through overgrowth of initial seeds nanoparticles of 1-2 nm. The initial

seeds were prepared by reduction of HAuCl4 (5 mL, 0.25 mM) with NaBH4 (0.3 mL, 10

mM) in aqueous CTAB solution (100 mM). After complete decomposition of NaBH4, the

seed solution (0.11 mL) was added to a growth solution containing CTAC (20 mL, 200 mM),

HAuCl4 (20 mL, 0.5 mM) and AA (15 mL, 100mM). The mixture was left undisturbed for 30

min at 27 °C. To remove the excess of reagents, the mixture was centrifuged and redispersed

in water to reach [Au0] ∼ 3 mM. The resulting solution of 10 nm gold nanospheres was used

as seed in the second overgrowth. A solution of gold seeds (10 nm) (0.28 mL, 3 mM) was

added at 40 °C to an aqueous solution containing BDAC (50 mL, 100 mM), HAuCl4 (0.25

mL, 50 mM) and AA (0.25 mL, 100 mM). The mixture was left undisturbed at 30 °C for

30 min. The solution was centrifuged twice and redispersed in water to reach [Au0] ∼ 7.5

mM. To a solution containing CTAC (5mL, 15 mM) and overgrown Au seeds (0.12 mL, 7.5

mM) was added NaBr (0.5 mL, 10 mM), AA (0.0188 mL, 100 mM) and HAuCl4 (0.025 mL,

50 mM). The mixtures were left under stirring for 30 min at room temperature followed by

centrifugation.

1.4 Synthesis of gold nanorods

Gold nanorods were prepared using a Ag-assisted seeded growth method.2 Seeds were pre-

pared by reduction of HAuCl4 (0.025 mL, 0.05 M) with NaBH4 (0.3 mL, 0.01 M) in an

aqueous CTAB solution (4.7 mL, 0.1 M) under vigorous stirring. The mixture was left

undisturbed for 30 min. To the growth solution comprising CTAB (10 mL, 0.1 M) and

HAuCl4 (0.1 mL, 0.05 M) the following solutions were added: AA (0.08 mL, 0.1 M), HCl

(0.19 mL, 1 M), AgNO3 (0.12 mL, 0.01 M) and Au seed solution (0.024 mL). Between each

addition, the vial was closed and vigorously shaken for at least 10 seconds. The mixture was

left undisturbed at room temperature for at least 2 h. The final concentration of metallic
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gold was [Au0] ∼ 0.5 mM.

1.5 Synthesis of gold bipyramids

Gold bipyramids were prepared using seeded growth method.3 Seeds were prepared by fast

injection of NaBH4 (0.3 mL, 0.01 M) to a mixture containing HAuCl4 (0.025 mL, 0.05 M),

CTAC solution (4.7 mL, 0.05 M) and citric acid (1 M, 0.025 mL) under vigorous stirring.

After assuring that all metallic gold was reduced (UV-Vis spectroscopy), the mixture was left

undisturbed in water bath at 80 °C for 90 min. Gold bipyramids were prepared by adding

an aliquot of gold seeds (1.1 mL) to a growth solution of CTAB (10 mL, 100 mM), HAuCl4

(0.5 mL, 10 mM), AgNO3 (0.1 mL, 10 mM), HCl (0.2 mL, 1 M) and AA (0.4 mL, 100 mM)

at 30 °C. The mixture was left undisturbed at room temperature for at least 2 h.

1.6 Ligand exchange of gold nanoparticles with PTEBS

As-prepared solution of gold nanoparticles (40 mL, [Au0] ∼ 0.5 mM) was centrifuged and

redispersed in water (40 mL) followed by the next centrifugation cycle again to be finally

redispersed in water (20 mL). Such a solution contains surfactant of concentration close to

critical micelle concentration. The nanoparticles solution (20 mL) was added to the PTEBS

solution (20 mL, 0.3 mg/mL). The resulting mixture was left undisturbed for a day and

subsequently centrifuged and redispersed in water to reach [Au0] ∼ 1.3 mM.

1.7 Ligand exchange of gold nanoparticles with PSS

A solution of gold nanorods (10 mL, [Au0] = 0.5 mM, [CTAB] = 10 mM) was centrifuged and

redispersed in an aqueous solution of PSS (10 mL, 0.15 wt%). The solution was centrifuged

and redispersed in PSS (10 mL, 0.15 wt%).
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1.8 Ligand exchange of gold nanorods with MUS

A solution of gold nanorods (10 mL, [Au0] = 0.5 mM, [CTAB] = 10 mM) was centrifuged

and redispersed in water (8 mL). To this solution was added dropwise a solution of MUS (2

mL, 2.5 mg/mL) under vigorous stirring. The mixture was centrifuged and redispersed in

water (10 mL).

1.9 Kinetics measurements of ligand exchange

A solution of PTEBS-coated gold nanorods (1 mL, [Au0] ∼ 0.16 mM) was placed in a

plastic cuvette (optical path 1 cm, 4 mL) and left undisturbed for 5 minutes. The UV-

Vis spectra were recorded in the interval of 1 minute. Then, a solution of PTEBS (2 mL)

containing different polymer concentrations (0.10, 0.15, and 0.6 mg/mL) was injected. In

control experiments, the same procedure was repeated replacing the polymer solution with

water.

1.10 PTEBS-TEAOH and PTEBS-NAD+ interactions

A stock solution of PTEBS (0.25 mg/mL) was prepared by dissolving the polymer in water

24 hours before the measurements and stirred at 40 °C. To study the effect of fluorescence

emission in PTEBS-TEAOH system, ten samples were prepared which contained PTEBS

(0.1 mg/mL) and TEAOH with increasing concentration in the following order: 0, 0.025,

0.050, 0.075, 0.100, 0.125, 0.150, 0.175, 0.200, 0.225, 0.250 M. Analogically, to study the

effect of fluorescence emission in PTEBS-NAD+ system, ten samples were prepared which

contained PTEBS (0.1 mg/mL) and NAD+ with increasing concentration in the following

order: 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 mM. For all samples, absorbance and

emission (excitation wavelength 390 nm) measurements were performed.
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1.11 NADH photoregeneration

In a typical experiment, a quartz cuvette containing water (0.350 mL), TEAOH (0.5 mL,

3 M), NAD+ (0.150 mL, 10 mM), Au@PTEBS (0.5 mL, [Au0] ∼ 1.3 mM) was placed in a

four-windows cuvette holder coupled to a spectrophotometer and a light source in opposite

windows and to two optical fibers from an halogen lamp in the remaining two opposite win-

dows. The temperature of the cuvette holder was controlled by an external thermostat and

recorded with a temperature logger equipped with thermocouple placed inside the cuvette.

For each temperature (20, 35, 45, 50, 55 °C), the experiments were performed both under

light and dark conditions. Under light conditions, the lamp (power density: 200 mW/cm2)

was turned on as soon as the cuvette was put in place. To acquire a UV-Vis spectrum that

took ∼20 s the lamp was turned off/on in 15 minutes interval.

1.12 Characterization

Time-dependent UV-vis-NIR measurements were performed on a Maya2000 Pro spectropho-

tometer (Ocean Optics) equipped with two optical fiber 400 µm in diameter and spectral

range from 200 to 1100 nm. Temperature-dependent measurements of NADH oxidation

were performed on a Cary 3500 equipped with thermal/kinetic module. Fluorescence emis-

sion spectra were acquired using Cary Eclipse. Fluorescence lifetime measurements were

done using a MicroTime 200 confocal scanning lifetime fluorescent microscope (PicoQuant),

completed with Olympus IX71 confocal microscope system and equipped with 485 nm ps

diode laser and single photon avalanche diode detectors. X-ray photoelectron spectroscopy

(XPS) measurements were performed using a SPECS Sage HR100 spectrometer equipped

with a nonmonochromatic X-ray source (aluminum Kα line of 1486.6 eV, 300 W). Photocat-

alytic reactions were performed by using MI-150 halogen lamp by Dolan-Jenner Industries

and Class AAA Pico LED solar simulator (G2V) of spectral range from 450 to 1200 nm under

AM 1.5G filter. Temperature was measured with a Thorlabs TSP01 sensor. The hydrody-

namic radius and Z-potential was acquired with a Zetasizer Nano ZS (Malvern analytical).
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TEM images were collected with a JEOL (120 kV) microscope. Open source Python libraries

(Pandas, Numpy, Scipy, Matplotlib) were used for data analysis and preparation of figures.

2 Characterization

2.1 Exit Wave reconstruction of polymer shell

A HRTEM image is a complex interference pattern formed by the interaction of the electron

beam with the specimen and influenced by the electron optical system of the microscope.

As a consequence, the interpretation of HRTEM images is far from intuitive, especially for

non-periodic systems such as the polymer in this study. Therefore we used exit wave re-

construction, a technique based on the acquisition of a focal series of HRTEM images. By

inverting the image formation process and hereby eliminating the lens aberrations, all infor-

mation can be recovered up to the microscope’s information limit. From the reconstructed

exit wave, the phase image can be extracted, which makes direct interpretation of the atomic

structure possible.4 Indeed, when the sample is sufficiently thin, the reconstructed phase im-

age is proportional to the projection potential, this means the projected atomic arrangement.

For High Resolution Transmission Electron Microscopy (HRTEM) characterisation an

aliquot of sample solution (3 µL) was deposited on a graphene grid. The images were

acquired using a monochromated aberration corrected Titan microscope (Thermo Fischer

Scientific) operated at 80 kV using a negative spherical aberration (Cs=-5µm). Focal series

for exit wave reconstruction consisted of 30 images acquired with a focal range of 15 nm

around the focal point of the polymer and a focus increment of 0.5 nm. Reconstruction

of the exit wave and offline correction of residual aberrations was carried out using the

Gerchberg-Saxton algorithm implemented in the XWave software.
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2.2 TEM characterization

Figure S1: TEM images of initial nanocubes, bipyramids and nanorods
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2.3 DLS of spherical nanoparticles
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Figure S2: Hydrodynamic diameter of gold nanoparticles before and after ligand exchange.
To show how hydrodynamic diameter increases after ligand exchange we used two diam-
eters of nanoparticles, namely 13 and 40 nm. It is clear that the presence of PTEBS on
nanoparticles surface increases the value of hydrodynamic diameter by ∼10 nm.
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3 NADH photoregeneration
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Figure S3: Regeneration of NADH on Au@PTEBS at different temperatures. (Upper panel)
Light process. UV-vis-NIR spectra of mixture containing gold nanorods (Au=0.5 mM),
[NAD+] = 1 mM, TEAOH = 1 M under light irradiation (450-1100nm, 200 mW/cm2) for
temperatures ranging from 20 to 55 °C. Each spectrum was taken every 5 minutes during
90 minutes of reaction. Note that the LSPR bands of gold nanorods are cutoff because of
detector saturation. (Middle panel) Control in dark. The same experimental conditions as
in upper panel, but in the absence of light, showing no NADH evolution. The dashed lines
correspond to the absorbance of NADH (340 nm). (Lower panel) Time-depended change
of absorbance at 340 nm for light and dark processes, showing that at 20 °C, no photo
regeneration of NADH is observed.
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Figure S4: Effect of temperature on the oxidation of NADH in the presence of Au@PTEBS
and TEAOH. (a-d) UV-vis-NIR spectra of mixtures at temperatures from 35 to 65 °C taken
every 5 minutes for 3 hours. Experimental conditions : [Au0] = 0.125 mM, [NADH] =
0.1 mM, [TEAOH] = 1M. e) Time-dependent absorption at 340 nm (dashed lines in a-d
at 340 nm) for different temperatures, showing decreases of absorbance at 55 and 65 °C,
suggesting oxidation of NADH to NAD+ with increasing temperature. f) Absorbance at 340
nm, averaged over the last 15 points of the kinetics, versus temperature, showing non linear
relation of NADH oxidation with change of temperature. Error bars for each point were
obtained by calculating the standard deviation over the last 15 points of the kinetics. g)
Time-dependent change of the maximum of LSPR for different temperatures, showing that
the higher the temperature, the higher the blueshift of LSPR. h) position of the maxima of
LSPR, averaged over the last 15 points of the kinetics, versus temperature, showing linear
dependency of plasmon band blueshift with increasing temperature. The blueshift suggests
the charging of the nanorods by oxidation of NADH to NAD+

.
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Figure S5: Effect of incident light power density on the photo regeneration of NADH using
Au@PTEBS as photocatalyst. UV-vis-NIR spectra of centrifuged solutions, showing gradual
increase of absorbance at 340 nm with increasing power density of incident light. Experi-
mental conditions: [Au0] = 0.5 mM, [NAD+] = 1 mM, TEAOH = 1M, temperature = 35
°C, spectral range = 450-1200 nm.
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Figure S6: UV-vis-NIR spectra of photocatalytic mixtures containing gold nanorods func-
tionalized with PTEBS (left), PSS (middle) and MUS (right). Experimental conditions:
[Au0] = 0.10 mM, [NAD+] = 1 mM, TEAOH = 0.75 M, temperature = 35 °C, spectral
range of incident light = 450-1200 nm, power density 120 mW/cm2
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Figure S7: UV-vis spectra of centrifuged mixtures after each cycle of photocatalytic run. Ex-
perimental conditions: [Au0] = 0.10 mM, [NAD+] = 1 mM, TEAOH = 0.75 M, temperature
= 35 °C, spectral range of incident light = 450-1200 nm, power density 120 mW/cm2
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4 Control experiments
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Figure S8: Control experiment showing that PTEBS alone is unable to reduce NAD+ to
NADH.
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Figure S9: Control experiment. UV-vis-NIR spectra of CTAB-coated gold nanorods (blue)
and after redispersion in TEAOH (orange). The initial stability of nanoparticles in TEAOH
suggests that amine functional groups provide sufficient colloidal stability of nanoparticles,
interaction of amine with gold surface, as predicted numerically (see main text). The addition
of NAD+ (1 mM) causes immediate aggregation (green, red). On contrary to the sample
stored in dark (brown), the sample exposed to visible light (450-1200 nm, 200 mW/cm2)
for two hours revealed the presence of a band at 340 nm (violet). Both samples, however,
aggregated, suggesting that the use of molecular interface - polymer - is crucial to preserve
initial colloidal stability of the nanoparticles.
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5 Computational Simulations

In order to study the metal-polymer hetero-junction, DFT simulations were performed on

model systems. Before studying the metal-polymer interface, it is necessary to have some

information regarding the polymer structure. In general, a polymer structure is complex and

depends on many factors such as chain size and mobility. The simulation of all these features

is extremely complex and it will be the subject of future studies. Instead, in this work we

focused on finding the most stable crystal structure conformations for infinitely long polymer

chains using Plane-Wave DFT (PW-DFT) along with Periodic Boundary Conditions. The

methodology is described in subsection 5.1 and the system models used throughout this work

are detailed in subsection 5.2.

5.1 Computational details

5.1.1 Polymer structure

Polymer structure simulations were performed using plane-wave DFT (PW-DFT), along

with periodic boundary conditions, by means of the exchange-correlation PBE functional5

and PAW pseudopotentials,5 as implemented in the VASP package.5–9 In order to correctly

describe the dispersion interactions, the DFT-D3 scheme was used.10 The energy convergence

and the force convergence criteria are set to be 10-5 eV and 0.05 eV/A, respectively. The

plane wave cutoff energy was 400 eV, and a 3x9x21 Γ-centered k-point grid was used in the

calculations.

5.1.2 Metal-Polymer heterojunction

To study the metal - polymer heterojunction, the Gaussian16 program package11 was used to

perform all the calculations. All geometry optimizations and harmonic frequency calculations

were performed considering the solvent effect (water) by means of the integral equation for-

malism of the polarized continuum model (IEFPCM),12 using the DFT formalism.13,14 First,

17



geometry optimizations were performed by using the PBE exchange-correlation functional,5

combined with the 6-31+G(d,p) basis set for the nonmetal atoms15,16 and the LanL2DZ

effective core potentials plus DZ basis set for gold atoms17–19 including the D3 version of

Grimme’s dispersion with Becke-Johnson damping.20 For optimized geometries, harmonic

vibrational frequencies were computed by analytical differentiation of gradients, at the same

level of theory, to ensure that the characterized structures were the true minima. Such

frequencies were then used to evaluate the zero-point vibrational energy (ZPVE) and the

thermal (T= 298 K) vibrational corrections to the enthalpy (Hcorr). Then, single-point calcu-

lations using the 6-311++G(2df,2p) basis set21 were performed on the optimized structures

to refine the electronic energy (Eelec). In this way, the total enthalpies (H) of each species in

solution were calculated as follows:

H = Eelec +Hcorr (1)

Finally, these enthalpy values were used to calculate the interaction enthalpies ∆H.

5.2 Models

5.2.1 Polymer structure

In order to determine the most stable structures of the polymer, two different structures

within the unit cell were considered. Namely, one in which the dimer is in the cis confor-

mation and another one with the dimer in the trans conformations of the polymeric chain,

as depicted in Figure S10a. Based on these two unit cells, twenty starting geometries were

generated in total, 10 for each conformation, by using different translational vectors. First,

the polymeric chains were translated in one dimension and the thermodynamic stability

was evaluated. The most stable structures correspond to the polymeric chain in the trans

conformation, where the thiophene rings are coplanar (see Figure S10b). These interactions

lead to strong π delocalisation that stabilises the structure. The thiophene rings are located
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in the inner part of the chain, whereas the sulfonate groups are located in the outer part.

Notice that up to three water molecules have been added in each sulfonate group, in or-

der to balance the electrostatic interaction between this group and Na cations in solution.

The polymeric structure is then grown in the other two directions with sulfonate - sulfonate

interactions between chains, and π stacking between the aromatic rings. All these interac-

tions are favorable, and lead to a family of stable crystal structures. The two most stable

conformations are depicted in Figure S10c. Notice that the effect of the temperature is not

considered in our calculations.

Figure S10: a) The two considered unit cells, cis and trans. b) Most stable infinitely long
polymeric chain in trans conformation. Notice that in both a) and b) the added three water
molecules and Na cations per sulfonate group are not depicted for the sake of clarity. c)
Different conformations of the most stable polymeric crystal structures.

5.2.2 Metal-Polymer heterojunction

To study the metal-polymer heterojunction by means of DFT, we used simplified models

shown in Figure S11. For the polymer different approaches were employed. On the one

hand, basic constituents were used, as depicted in Figure S11a I, namely, methyl thiophene
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dimers in cis and trans conformations and methyl sulfonate, including three water molecules

as done in the polymer crystal simulations.

On the other hand, full TEBS dimers were considered, in both cis and trans conforma-

tions, analogously to the unit cells used in the polymer crystal simulations (see Figure S11a

II). Gold nanoparticles were simulated using Au34 nanoclusters, depicted in Figure S11a III.

Finally, triethanolamine species were modeled by adding three extra water molecules to each

alcohol functional group, as shown in Figure S11a IV. The triethanolamine species may also

interact with gold, and the calculated stable structure is depicted in Figure S11b.

Figure S11: Models used for gold nanoparticles, PTEBS polymer and triethanolamine. a)
Small polymer models (I), TEBS dimers in cis and trans conformations (II), Au34 nanocluster
(III) and triethanolamine (IV). b) Gold - Triethanolamine interaction.
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