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S1 Oleylamine, 1H NMR Resonance Assignment

Assignment of the different resonances in the 1D 1H NMR spectrum of oleylamine (OlNH2)

was done through Homonuclear Correlation Spectroscopy (COSY). Whereas the 1D 1H spec-

trum already indicated a distinct signal for the alkene resonance 4 and the bulk of the oleyl

chain 2, COSY provided a definitive assignment of all the resonances, where neighboring

protons can be identified by cross peaks between the corresponding resonances. In the case

of free OlNH2, the resonances of the α-CH2 protons 5 and the protons 3 next to the alkene

group appear clearly resolved in the spectrum.
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Figure S1: (a) 1D 1H NMR spectrum of a solution of 10 µl of OlNH2 in toluene-d8. (b)
Correlation Spectroscopy (COSY) spectrum of the same solution.
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S2 An NMR Linewidth Benchmark, Oleate Bound to

CdSe Nanocrystals

To benchmark the resonance linewidths measured for OlNH2 bound to Cu nanocrystals

before and after oxidation, we use the 1D 1H NMR spectrum of oleate-capeed CdSe NCs

published by Fritzinger et al. (see Figure S2).1 From this spectrum, we obtain the full

widths at half maximum as listed in Table 1 of the main manuscript. This numbers attest

to the larger than usual line broadening for OlNH2 bound to Cu nanocrystals; an excessive

line broadening that disappears after oxidation of the Cu nanocrystals. This suggests that

OlNH2 bound to Cu nanocrystals experiences a different magnetic environment than OlNH2

or oleate bound to a diamagnetic semiconductor nanocrystal such as Cu2O or CdSe.
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Figure S2: 1D 1H NMR spectra of a dispersion of 3.5 nm CdSe nanocrytals in toluene-d8 as
previously published by Fritzinger et al.. We obtained the full width at half maximum of
the oleate resonance listed in Table 1 from this spectrum.
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S3 DOSY of Oxidized Cu Nanocrystals

We used diffusion ordered spectroscopy (DOSY) to verify the binding of OlNH2 to oxidized

Cu nanocrystals. Also here, the overview DOSY spectrum indicates that OlNH2 has the

small diffusion coefficient typical of a bound ligand. This is confirmed by analyzing the

decay of the signal intensity as a function of the square of the field gradient strength, which

yields a diffusion coefficient of 103 µm2/s. This number is all but identical to that of OlNH2

bound to pristine Cu nanocrystals, which indicates that OlNH2 remains tightly bound ligand

upon oxidation of the Cu to Cu2O.
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Figure S3: (top) DOSY spectrum of a dispersion of Cu nanocrystals stabilized by OlNH2

after 1 hour of air exposure. (bottom) Decay of the intensity of the alkene resonance at 5.5
ppm with increasing field gradient strength. Fitting the decay to a single exponential yields
the diffusion coefficient as indicated.
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S4 Undecenoic Acid, 1H NMR Resonance Assignment
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Figure S4: (a) 1D 1H NMR spectrum of UDA in toluene-d8. (b) COSY spectrum of UDA in
toluene-d8, in which the different cross peaks have been assigned to couples of neighboring
protons. (c) 1D 1H NMR spectrum of OlNH2 and UDA in toluene-d8. Labeled resonances
are identified as (1-5) OlNH2 resonances, (a-g) UDA and (†) toluene-d8.

To assign the different resonances of undecenoic acid (UDA), we used the same procedure

as outline in section S1. Combining the 1D 1H and the COSY spectra of UDA, all the UDA

resonances can be unambiguously assigned to specific protons in UDA. The chemical shift of

these different protons is different from what is measured for OlNH2 protons, which makes

that all the signals in an UDA-OlNH2 mixture can be assigned. As compared to the pure
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compounds, resonances g and f of UDA and resonance 5 of OlNH2 exhibit a downfield shift

in the UDA-OlNH2 mixture. This shift can be interpreted as caused by the formation of

an UDA-OlNH2 ion pair that provokes deshielding of the protons next to the interacting

functional groups.2 Most interestingly, the alkene resonances are well separated, which is

useful to obtain separate concentrations for both species from the integrated signal intensity.

This approach was used to monitor the concentration of bound and free ligands during a

titration of an OlNH2 capped Cu nanocrystal dispersion with UDA as shown in Figure 4c of

the main text.

S7



S5 Model 1, One-by-one Ligand Exchange

S5.1 Description of the Thermodynamic Equilibrium

As argued in the main text, a first model to describe the effect of UDA addition on the bound

OlNH2 involves a one-to-one exchange in which bound OlNH2 is substituted for bound UDA:

(Cu)[OlNH2] + UDA ⇀↽ (Cu)[UDA] + OlNH2 (S1)

Using subscripts b and f to indicate bound and free ligands and denoting both ligands by L

and M, respectively, this equilibrium can be written more compactly as:

Lb + Mf ⇀↽ Mb + Lf (S2)

Assuming ideal dilute solutions and Langmuir adsorption, we take molar concentrations as

the activity of the free ligands and fractional surface occupations as the activity of bound

ligands. Since we have equal numbers of bound species at both sides of Eq S2, the ratio of

the fractional surface occupation will be identical to the ratio of the overall concentration

of the respective bound ligands in the sample. Accordingly, we can write the equilibrium

equation as:

[Mb][Lf ]

[Lb][Mf ]
= K (S3)

Finally, assuming initial conditions for the different species and the corresponding mass

balance as indicated in Table S1, this equation can be written in terms of the extent of the

Table S1: Mass balance for the exchange between bound L and bound M as described by
Eq S2, assuming an initial concentration of bound L and free M.

Extent of Reaction [Lb] [Lf ] [Mb] [Mf ]
0 [L0] 0 0 [M0]
α −α α α −α

Concentration [L0]− α α α [M0]− α

S8



4

3

2

1

0

s
 (

n
m

-2
)

3210

[UDAtot]/[OlNH2,tot]

Total bound

UDA bound

OlNH2 bound

 

s0=2.32 nm
-2

K=1.6±0.1

Figure S5: Representation of (markers) the experimental titration of OlNH2-capped Cu
nanocrystals with UDA (see Figure 4 in the main text) and (full lines) a simulation of
the OlNH2/UDA titration according to the one-by-one exchange model. The annotation
provides the initial surface concentration σ0 of bound OlNH2 and the equilbrium constant
K as determined from a best fit of the surface concentration of bound OlNH2 to Eq S4.

reaction α as:

K =
α2

([L0]− α)([M0]− α)
(S4)

By solving Eq S4 for α and using the mass balance, the concentrations [Lb] and [Mb] of bound

ligands can be obtained as a function of the total concentration of M in the dispersion.

By identifying [L0] with the initial concentration of bound OlNH2 and [M0] with the total con-

centration of UDA added, we used this model to simulate the concentration of bound OlNH2

and bound UDA throughout the titration of a dispersion of OlNH2-capped Cu nanocrystals

by UDA additions. The result is represented in Figure S5. Here, we converted concentrations

into surface concentrations and we used an equilibrium constant K as obtained from fitting

the evolution of the bound OlNH2 concentration to Eq S4. Using the mass balance (see

Tabl S1), the concentration of bound UDA can be calculated at each states of the titration

from the bound OlNH2 concentration. As can be seen, this yields a good description of the

release of UDA in the initial stages of the titration. However, the approach underestimate

the amount of bound UDA with increasing additions of UDA to the dispersion. This is

intrinsic to Eq S1, which describes an exchange process where the total concentration of
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bound ligands remains constant. For the experimental titration, this is not the case.

S5.2 The Ligand Shell Composition at Low UDA Concentrations

Although the one-to-one exchange model failed to describe the experimental data at higher

UDA concentration, it does account for the quantitative exchange between bound OlNH2

and added UDA at low UDA concentrations. To show that this initial behavior is an intrinsic

property of the one-to-one exchange model, we analyzed the solutions to Eq S4 in the limit

[M0] → 0. In this case, also the extent of the reaction α will go the zero, such that we can

expand α as a Taylor series in [M0] without constant term:

α = α1[M0] +
α2

2
[M0]

2 (S5)

Entering this expansion in Eq S4 and keeping only terms that contribute up to second order

in [M0], we obtain:

α2
1[M0]

2

([L0]− α1[M0])((1− α1)[M0]− α2

2
[M0]2)

= K (S6)

In Eq S6, the numerator of the reaction quotient scales with [M0]
2. To obtain a non-zero,

finite equilibrium constant, the denominator in the reaction quotient must scale with [M0]
2

as well. Hence, we have:

α1 = 1 (S7)

Since for small UDA concentrations, the linear term in Eq S5 will dominate, the extent of

the reaction becomes based on Eq S7:

α = [M0] (S8)

S10



Using the mass balance (Table S1), we thus obtain:

[Mb] = [M0] (S9)

[Lb] = [L0]− [M0] (S10)

In agreement with the isotherms shown in Figure S5, we thus find that at low concentration

of UDA, the one-by-one exchange model predicts a quantitative exchange between bound

OlNH2 and free UDA.
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S6 Model 2, Competition for Homogeneous Binding

Sites

S6.1 Description of the Thermodynamic Equilibrium

The increase in ligand coverage throughout the UDA titration suggests that the Cu nanocrys-

tals offer binding sites for UDA that were initially not occupied by OlNH2. Since UDA can

quantitatively displace OlNH2, one could assume that OlNH2 can also bind to these initially

empty surface sites. Taking this perspective, the variation of the ligand shell composition

during a UDA titration can be described by a set of two coupled adsorption equilibria, a

first describing OlNH2 binding and a second describing UDA binding, that involve a single

type of surface site. Hence our description of this model as a competition for homogeneous

binding sites.

Writing again the two ligands as L and M and indicating free surface sites as S, the com-

petition for homogeneous binding sites can be expressed by the following set of reaction

equations:

Lf + S ⇀↽ Lb (S11)

Mf + S ⇀↽ Mb (S12)

Referring to the coupled mass balance outlined in Table S2, these equilibrium reactions yield

Table S2: Mass balance in the case of competetion between homogeneous binding sites as
expressed by Eqs S11 and S12. The extent of these respective reactions have been written
as α and β, respectively.

Extent of Reaction [Lb] [Lf ] [Mb] [Mf ] [S]
0 0 [L0] 0 [M0] [S0]
α α −α 0 0 −α
β 0 0 β −β −β
Concentration α [L0]− α β [M0]− β [S]− α− β
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Figure S6: Representation of (markers) the experimental titration of OlNH2-capped Cu
nanocrystals with UDA (see Figure 4 in the main text) and (full lines) a simulation of
the OlNH2/UDA titration assuming competition for homogeneous surface sites. Here, the
parameters were set so as the fit the surface concentration of bound UDA.

a set of 2 coupled equilibrium equations:

KL =
α

([L0]− α)([S0]− α− β)
(S13)

KM =
β

([M0]− β)([S0]− α− β)
(S14)

This set of equations can be numerically solved for α and β, which yields in combination

with the mass balance the variation of [Lb] and [Mb] as a function of [M0].

Figure S6 represents the evolution of the surface concentration of bound OlNH2 and bound

UDA as a function of the amount of UDA added to a dispersion of OlNH2 stabilized Cu

nanocrystals. Here, KL was determined from Eq S13 using the initial concentration of

bound and free OlNH2 in the absence of any additional UDA – so taking α as the intial

bound OlNH2 concentration and β as 0 – while we used the limiting concentration of bound

UDA to estimate [S0]. Next, we adjusted KM such that the binding of UDA as a function of

the total UDA concentration agrees with the experimental data. As can be seen in Figure S6,

this approach can account for the eventual increase in ligand surface concentration, yet it

fails at describing the initial quantitative displacement of bound OlNH2 by UDA.

S13



S6.2 The Ligand Shell Composition at Low UDA Concentrations

To understand better the evolution of the ligand shell composition at low UDA concentra-

tions with the competition for homogeneous binding sites model, we again looked at the

equilibrium equations S13 and S14 in the limit [M0] → 0. Also in this case, this analysis

starts from an expansion of the extent of both reactions as a function of [M0]:

α = α0 + α1[M0] +
α2

2
[M0]

2 (S15)

β = β1[M0] +
β2
2

[M0]
2 (S16)

Here, we took L for OlNH2 and M for UDA and took into account that reaction S11 is

shifted towards bound OlNH2 prior to UDA addition (so α0 6= 0) whereas reaction S12

cannot proceed in the absence of UDA (so β0 = 0).

Using the above expansions, and keeping only terms that will contribute up to second order

in [M0], Eq S14 can be rewritten as:

KM =
β1[M0]

(1− β1)[M0]([S0]− α0 − α1[M0]− β1[M0])
(S17)

Looking at the term that is zero order in [M0], Eq S17 yields β1 as:

β1 =
KM([S0]− α0)

1 +KM([S0]− α0)
(S18)

In the same way, Eq S13 can expressed using the expansion of α and β as:

KL =
α0 + α1[M0]

([L0]− α0 − α1[M0])([S0]− α0 − α1[M0]− β1[M0])
(S19)

Here, we have retained all the terms in the reaction quotient that will contribute up to first

order in [M0]. Since α0 must take the value that solves Eq S13 in the absence of any M,
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Eq S19 can be rewritten as:

KL = KL

1 + α1[M0]
α0(

1− α1[M0]
[L0]−α0

)(
1− α1[M0]

[S0]−α0
− β1[M0]

[S0]−α0

) (S20)

Since the right hand side of Eq S20 must be constant, the contribution first order in [M0]

must vanish. This condition enables us to express α1 as a function of β1:

α1 = − β1

1 + [S0]−α0

α0
+ [S0]−α0

[L0]−α0

(S21)

According to Eq S21, |α1| will always be smaller than |β1|, which implies that more UDA

will bind than OlNH2 will release upon increasing the concentration of UDA. Moreover,

we typically start from dispersions where most of the OlNH2 is bound, i.e., [L0] ≈ α0.

Accordingly, the denominator at the right hand side of Eq S21 will be signficantly larger than

1, which implies that |α1| � |β1|. This is indeed what we see in the simulations represented

in Figure S6, where the initially added UDA binds without inducing any significant release

of the originally bound OlNH2. This behavior at low UDA concentration is not in agreement

with the experimental observation, which suggests that a model implementing a competition

for homogeneous binding sites does not accurately describe the exchange of OlNH2 for UDA

at the surface of Cu nanocrystals.
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S7 Model 3, Heterogeneous Binding Sites

S7.1 Description of the Thermodynamic Equilibrium

The exchange models developed in section S5 and S6 both lead to a partial description of the

actual OlNH2/UDA titration. Whereas the one-by-one ligand exchange does account for the

initial quantitative exchange between bound OlNH2 and added UDA, it fails to describe the

increase in overall ligand surface concentration when more UDA is added. The model based

on competition for homogeneous binding sites, on the other hand, does allow for an increase

of the ligand surface concentration, yet it fails to describe the initial release of bound OlNH2

upon addition of UDA. Both aspects can be, however, comprehensively described under the

assumption that the additional binding sites can bind UDA, yet have no affinity for binding

OlNH2. Sticking to the L and M notation, this model can be again expressed by a set of two

chemical equilibrium reactions:

Mf + Lb ⇀↽ Mb + Lf (S22)

Mf + S? ⇀↽ M?
b (S23)

Here, the superscript ? denotes the additional binding sites that show affinity for M but not

for L.

The equilibrium expressed by Eqs S22 and S23 can once more be translated into a set of two

Table S3: Mass balance in the case of competetion between homogeneous binding sites as
expressed by Eqs S11 and S12. The extent of these respective reactions have been written
as α and β, respectively.

Extent of Reaction [Lb] [Lf ] [Mb] [M?
b ] [Mf ] [S?]

0 [L0] 0 0 0 [M0] [S?0]
α −α α α 0 −α 0
β 0 0 0 β −β −β
Concentration [L0]− α α α β [M0]− α− β [S?0]− β
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coupled equilibrium equations. Using the coupled mass balance (see Table S3), these read:

K1 =
α2

([L0]− α)([M0]− α− β)
(S24)

K2 =
β

([S?0]− β)([M0]− α− β)
(S25)

Taking into account that the surface coverage only increases from 2.3 nm2 to 3.0 nm2 upon

addition of UDA and that the initial stage of the titration is well described using the one-

by-one exchange model, we will look at Eqs S24 and S25 under the condition β � α. Under

these conditions, the equilbrium equations become:

K1 =
α2

([L0]− α)([M0]− α)
(S26)

K2 =
β

([S?0]− β)([M0]− α)
(S27)

Note that in this case, [Lb] is decoupled from the binding of UDA to the additional sites S?.

Moreover, as Eq S26 is identical to Eq S4, [Lb] will follow the same evolution with increasing

UDA concentration as in the one-by-one exchange model.

Figure S7 shows the result of a simulation of the experimental titration to this heterogeneous

binding site exchange model. Here, we determined K1 from a best fit of the bound OlNH2

concentration to Eq S26, using the UDA concentration as the independent variable and

taking [L0] is the initial bound OlNH2 concentration. Next, K2 was determined from a best

fit of the excess of bound UDA, i.e., β or the part of bound UDA that did not replace bound

OlNH2, to Eq S25. Here, we used the concentration of free UDA, i.e., [M0] − α − β as

the independent variable, and took [S?0] is a second fitting parameter. The different fitting

Table S4: Best fit values for the parameters K1, K2 and [S?0] as obtained from fitting the
experimental bound OlNH2 and bound UDA concentration during a UDA titration using the
heterogeneous binding site model. [S?0] has been expressed as a surface concentration σS?

0
.

Parameter K1 K2 σS?
0

(nm−2)
Best fit 1.6± 0.1 (4± 1) 105 0.75
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Figure S7: Representation of (markers) the experimental titration of OlNH2-capped Cu
nanocrystals with UDA (see Figure 4 in the main text) and (full lines) a simulation of the
OlNH2/UDA titration according to the model assuming additional sites that exclusively bind
UDA. Here, K1 was chosen so as the fit the surface concentration of bound OlNH2 and the
other parameters, notably K2 and [S?0] were fitted to the experimental variation of the bound
UDA concentration.

parameters thus obtained have been listed in Table S4.

S7.2 Heterogeneous model at low additions of UDA

We formulated the condition β � α based on the observation that the number of additional

binding sites is considerably smaller than the nubmer of sites binding OlNH2. This, however,

does not warrant that the same condition applies at low UDA concentration. To verify this,

we return to the original set of equilibrium equations (Eqs S24 and S25) and solve them

again in the limit [M0]→ 0 by introducing series expansions for α and β:

α = α1[M0] +
α2

2
[M0]

2 (S28)

β = β1[M0] +
β2
2

[M0]
2 (S29)
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Entering these expressions in Eqs S24 and S25 and keeping terms that contribute up to

second order in [M0], we obtain:

K1 =
α2
1[M0]

2

([L0]− α1[M0])
(
(1− α1 − β1)[M0]− α2+β2

2
[M0]2

) (S30)

K2 =
β1[M0] + 1

2
β2[M0]

2

([L0]− α1[M0])
(
(1− α1 − β1)[M0]− α2+β2

2
[M0]2

) (S31)

To avoid the reaction quotient in Eq S30 from diverging or reaching 0 in the limit [M0]→ 0,

we have:

α1 + β1 = 1 (S32)

Combining this relation with the same requirement that the reaction quotient in Eq S31

yields a finite, non-zero number, we have:

β1 = 0 (S33)

Hence, we find that in the limit [M0]→ 0, α will scale proportional to [M0], whereas β will

scale with [M0]
2. Hence, the conditoin β � α will always apply in the limit [M0] → 0.

This means that one-by-one exchange as expressed by Eq S22 will always describe the first

stages of the heterogeneous model developed in this section; a point in agreement with the

experimental OlNH2/UDA titration.
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S8 2-[2-(2-Methoxyethoxy)ethoxy]acetic acid, 1HNMR

Resonance Assignment

We assigned the different proton resonances of 2-[2-(2-Methoxyethoxy)ethoxy]acetic acid

(MEEAA) by 1D 1H NMR. The position attributed was based on the assumption that

protons closer to the terminal carboxylic acid present larger 1H chemical shifts due to the

deshielding effect from the carboxylic acid group. This assignment concurs with published

work by De Roo et al.3 Due to its technical grade, signals at 4.18 and 4.27 are assumed to

be minor impurities.

4.5 4.0 3.5 3.0
1
H δ (ppm)

2

1

345
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‡ 

Figure S8: 1D 1H NMR spectrum of a solution of 10 µl of MEEAA in methanol-d4. Labeled
resonances are identified as MEEAA (1-6) and residual methanol (‡)
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