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Extraction of nanocrystal concentration and diameter from absorbance data.

The concentration of nanocrystals, [NC], can be obtained from size-dependent extinction 

coefficients:1 

[𝑁𝐶]1𝑆 =
𝐴(𝐸)
𝜀(𝐸)𝑙

∙
𝐹𝑊𝐻𝑀
0.12 𝑒𝑉

Where  is the size-dependent per-NC extinction coefficient,  the 1S absorbance,  the 𝜀(𝐸) 𝐴(𝐸) 𝑙

path length, and FWHM the 1S absorbance peak full-width half maximum (in eV). 

Alternatively [NC] can be calculated from the size-independent absorbance coefficient at 3.76 

eV, α(3.76 eV) = 1.5 × 105 cm2: 

[𝑁𝐶]3.76 𝑒𝑉 =  
1000ln (10) ∙ 𝐴(3.76 𝑒𝑉)

𝑁𝐴 ∙ 𝑉𝑄𝐷 ∙ 𝛼(3.76 𝑒𝑉)

Where A(3.76 eV) is the absorbance of the NC ensemble at 3.76 eV (330 nm). However, due 

to the convolution of absorbance from intermediates such as CP-350 and MSC-437 with the 

regular NC absorbance spectrum at 3.76 eV, [NC]3.76 eV over-estimates the true NC 

concentration in our reactions (see Figure S1). 

Figure S1. Comparison of nanocrystal concentration calculated using [NC]1S and [NC]3.76eV. 



The size-dependent extinction coefficients rely on the lowest energy 1S absorbance peak of 

the regular NCs, which is not convoluted with MSC or CP absorbance. Therefore in the main 

text we use [NC]1S to obtain the concentration of NCs. 

We note that the eventual convergence of the two methods in Figure S1 allows confirmation 

that MSCs and CPs indeed disappear during the reaction, as discussed in the main text. It is 

also interesting to note that the increase in [NC]3.76eV compared to [NC]1S at later reaction 

times with 1 equiv. added water (Figure S1B) is likely due to the the 2nd nucleation event 

discussed in the main text. This is because the new population of smaller NCs do not 

influence the larger NC population 1S peak absorbance but do increase the absorbance at 3.76 

eV (330 nm).

Multi-peak fitting procedures. We used a multi-peak fitting procedure to extract the width, 

optical density and position of the 1S absorbance peak (see Figure S1 below). The yield of 

CdSe in mol, n(CdSe), and reaction yield were calculated from [NC] and the volume of a 

single nanocrystal:

𝑛(𝐶𝑑𝑆𝑒) =
[𝑁𝐶]𝑆.𝐷. ∙ 𝑉𝑁𝐶 ∙ 𝑉𝑠𝑜𝑙𝑛 ∙ 𝜌𝐶𝑑𝑆𝑒 ∙ 𝑁𝐴

𝑀𝐶𝑑𝑆𝑒

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 = 𝑛(𝐶𝑑𝑆𝑒)/𝑛(𝐶𝑑𝑂)

Where  is the density of CdSe (5.816 g/cm3),  the molar mass of CdSe (191.4 𝜌𝐶𝑑𝑆𝑒 𝑀𝐶𝑑𝑆𝑒

g/mol),  is Avogadro’s number,  the volume of one NC (cm3),  the volume of the 𝑁𝐴 𝑉𝑁𝐶 𝑉𝑠𝑜𝑙𝑛

reaction mixture. Reaction yield is based on the amount of limiting reagent, CdO (4.67 

mmol).



Figure S2. Examples of typical fit results. (A) Fitting the first exciton peak absorbance with a 

low-energy shoulder with two Gaussians. Raw data is in the middle panel as a red line, the 

constant baseline is green, and the fit is shown as a blue dashed line. The top panel shows the 

residual (black) and the bottom panel shows the Gaussian fits (blue lines). (B) Fit of the MSC-

350 to a single Gaussian peak using a linear baseline to approximate the underlying regular 

NC absorbance. (C) Fit of the MSC-437 peak with linear baseline.



Reactions utilising tetradecylphosphonic acid (TDPA) ligand. 

Figure S3. Comparison of selected aliquots taken from dry reaction (red) and reaction with 1 

eq. added water (blue) for reactions utilising TDPA ligand instead of ODPA (main text). As 

with the ODPA ligand, CP-350 is observed in the dry reaction and MSC-437 for the case of 

added water. The incubation time and growth rate of regular NCs are much faster than for 

ODPA reactions in the main text. 



Reactions with added D2O compared to H2O

Figure S4. Comparison of reaction aliquot absorbance as a function of reaction time with 

added water (1 equiv. H2O, red lines) and added heavy water (1 equiv. D2O, green lines). 

Traces are offset vertically with reaction time. Reaction times are, from bottom to top: 5s, 15s, 

25s, 35s, 45s, 55s, 70s, 95s, 120s, 160s, 210s, 285s, 480s. No significant difference is 

observed between reaction aliquots at the same times.



Reactions with reduced concentration of trioctylphosphine (TOP)

Figure S5. The effect of reduced TOP concentration on CdSe NC reaction dynamics. In these 

reactions, the addition of TOP prior to TOPSe injection was omitted, giving a final free TOP 

concentration of 0.05 M after TOPSe injection, compared to [TOP] = 0.71 M in Figure 1 of 

the main text. All other reaction conditions are the same as in Figure 1 of main text. (A) 

Absorbance of reaction aliquots taken throughout reactions (i) without added water (red) and 

(ii) with 1 eq. added water (blue). Traces are offset vertically with time. First aliquot is at 5 s. 

CP-350 is observed in the dry reaction and MSC-437 and with added water. (B) NC diameter 

as function of reaction time for (i) dry reaction (red circles) and (ii) with 1 equiv. added water 

(blue tringles). (C) Concentration of CdSe NCs ([NC]) as a function of reaction time. (D) 

Reaction yield (1 = complete conversion of precursor to CdSe) as a function of reaction time. 

(E) FWHM of the 1S absorbance peak plotted against the peak energy for dry and added 

water reactions. Arrows show where MSC-437 or CP-350 are no longer observed. The data is 

consistent with the model presented in the main text, where these reaction intermediates 

disappear at the point where ripening occurs and monomer concentration is lowest.



Discussion of the role of TOP. To further elucidate the role of water we repeated the 

experiments described in Figure 1 of the main text but skipped the addition of 1.8 mL of TOP 

after CdO complexation to reproduce the conditions employed previously by Liu et al.2 After 

the injection of TOPSe the final free TOP concentration in this reaction was 0.05 M, 

compared to 0.71 M for the reaction used in Figure 1. Analysis of this reaction (absorbance 

traces, NC diameter, NC concentration and reaction yield as functions of time) is provided in 

Figure S3. We highlight several key observations from the 0.05 M TOP reaction data in 

comparison to the reactions with 0.71 M TOP: (i) the incubation periods are noticeably longer 

with less TOP, but water still decreases the incubation period; (ii) an increased NC growth 

rate and decreased NC concentration is observed in both cases, and (iii) the reaction with 

[TOP] = 0.05 M gives a much higher reaction yield with added water than without, in contrast 

to the similar reaction yields for 0.71 M TOP. These data are consistent with the hypothesis 

that water increases the precursor consumption rate,2 and hence increases the reaction yield at 

any given time. We conclude that TOP masks the effect of water in the data presented in 

Figure 1, potentially by independently increasing the precursor conversion rate. This effect is 

independent of the observation of MSC-437 (added water) and CP-350 (dry reaction) 

intermediates, which is similar to the reactions presented in the main text with higher TOP 

concentration.



Reaction temperature controls.

Figure S6. Further control experiments ruling out reaction temperature changes (A)  Diameter 

of NCs over time for the same reaction conditions as in Figure 1 of the main text for the dry 

reaction (open circles) and with 1 equiv. of co-injected hexane (filled triangles). The injection 

of hexane does not affect reaction. (B) Temperature of 3 g TOPO + 1.8 mL TOP (same 

amounts as reaction in Figure 1 of the main text) after injection of a further 0.5 mL TOP 

(open circles) and 0.5 mL TOP + 1 equiv. water (filled triangles). The temperature profile is 

not measurably affected by 1 eq. water.



Extended characterisation & discussion of the structure of CP-350 and MSC-437

Figure S7. Comparison of absorbance spectrum of MSC-437 cluster isolated by size-selective 

precipitation (blue trace) and the PL excitation spectrum of the MSC-437 cluster emission 

from Figure 3C in the main text (black trace).

Discussion of literature regarding CP-350 structure. We have recently shown that the 

species absorbing at 350 nm in CdSe nanocrystal syntheses is a fibrillar coordination polymer 

reaction intermediate, CP-350.3 A persistent peak at 350 nm has been observed before in 

similar reaction systems incorporating Cd-phosphonate precursors/ligands and TOPO solvent, 

but was assumed to be a magic-sized cluster rather than a polymer4-5. This assumption was 

based on the work of Soloviev et al.6-7 who reported charged [Cd17Se4(SePh)24]2+ (SePh = 

selenophenol ligand) clusters with an absorption spectrum featuring a peak at 350 nm. More 

recently Beecher et al.8 isolated and characterized a neutral tetrahedral Cd35Se20 cluster 

capped with carboxylate and amine ligands with a lowest-energy absorbance band also at 350 

nm. However, these clusters are not responsible for the feature at 350 nm in our (and likely 

other4-5) CdSe reactions, because the higher energy absorbance features of the clusters 

reported by Soloviev and Beecher feature are not present in these reactions.3

Discussion of literature regarding MSC-437 structure. There are many reported CdSe 

MSCs absorbing between 350 nm and 500 nm,9 but we have found only one instance in the 

literature of an MSC with the same absorbance as MSC-437, although no attempt was made 



to characterize its composition or structure.10 According to size calibration curves for regular 

CdSe NCs, which are known to be valid for CdSe MSCs similar to those reported here,8 

MSC-437 would have a diameter of 1.8 nm.1 However, MSC-437 does not grow and so must 

be a thermodynamically stable (or metastable) species with a different physical structure 

and/or ligand shell compared to a regular 1.8 nm NC. Its exact structure remains an open 

question. In Figure S7 the difference in energy between the first and second exciton peaks and 

the 1S absorbance peak are plotted for several reactions with added water. Such a plot can be 

used to determine whether a NC has wurtzite or zinc blende structure, as the energy difference 

between the two peaks is larger for the zinc blende nanocrystals.11 In Figure S7, MSC-437 

does not fit the trend of regular NCs, which fall onto a line consistent with a single wurtzite 

crystal structure.12 This points towards a different crystal structure or an electronic structure 

that is highly modified by the surface of the cluster.

Figure S8. Difference between first absorbance peak energy (E1) and the second absorbance 

peak energy (E2) as a function of E1 for six different reactions. Each individual reaction is 

denoted by a different symbol marker; black markers represent dry reactions and blue markers 

reactions with added water. Data points derived from MSC-437 clusters from reactions with 

added water are highlighted as red triangles. 



Effect of amines on MSC production.

Figure S9. Raw absorbance data of the dry reaction with added octadecylamine (1.2 equiv. vs 

Cd). No MSCs are observed. All other reaction conditions as described in Methods section of 

the main text.



Extended data for added alcohol.

Figure S10. Reproduced data for methanol addition (filled circles) and dry reaction (open 

squares). Identical reaction conditions were used as described for added methanol reactions in 

the main text for Figures 5 and 6. (a) NC diameter as a function of reaction time. The reaction 

with added methanol gives a larger initial NC diameter but the growth rate slows (relative to 

the dry reaction) at around 100 seconds. (b) Absorbance 1S peak fwhm plotted against the 

peak energy. Arrows indicate point when MSCs are no longer observed in the reaction.



Figure S11. Raw data for added alcohols of different chain lengths. Reaction times in 

minutes:seconds are shown for the dry reaction and are similar (within ~5 seconds) for other 

reactions. Distinguishing between C-O or O-H bond scission is difficult, but the similarity 

between our results for reactions with added methanol, butanol, and octanol favors the 

mechanism in which there is cleavage of the C-O bond, leaving a surface hydroxyl group. 



Second nucleation observation for reactions with added alcohol.

Figure S12. Absorbance of reaction aliquots separated by NC size using SSP, taken during 

the reaction of Cd-ODPA and TOPSe with 1 equiv. butanol (blue traces in Figure S9). Red 

lines show the largest NCs obtained via SSP and blue lines show the smallest NCs obtained 

via SSP.  As observed in the main text Figure 6A, at a certain point the MSC species 

disappears and a new population of small regular NCs is observed, which then grows to 

eventually merge with the larger regular NC population.
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