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1 Substrate Characterisation 

The silicon-TiO2 substrate surface was examined using atomic force microscopy (AFM) in 

tapping mode (Figure S1). Surface roughness was calculated as Ra = 1.2 Å; and Rq = 1.6 Å  

 

Figure S1 AFM image of freshly deposited TiO2 thin-film on silicon wafer substrate. 

The amorphous nature of the film was confirmed using Bragg-Brentano X-ray diffraction 

(Figure S2) 

 

Figure S2 XRD pattern of the TiO2 thin-film, the plot is dominated by the silicon 400 peak 69°, with a small 

peak at 33° corresponding to the Si(200) reflection. The absence of any discernible TiO2 peaks confirms the 

films amorphous nature. 

2 Reflectometry  

2.1 Molecular Dimensions 

The figures below pictorially represent the molecular dimensions taken for the MK -2 (Figure 

S3) and MK -44 dye molecules (Figure S4), as used in calculations for the XRR and NR 

studies.  
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Figure S3 Molecular structure of the MK -2 molecule, indicating labelled atoms and dimensions as used for 

calculations in the XRR study (solid lines); and NR study (dashed lines), inclusive of hydrogens. Values taken 

as the molecular height are shown in red, and molecular width in blue. The MK -2 structure is taken from 

crystallographic data1 and imaged using CrystalExplorer 3.0.2 
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Figure S4 Molecular structure of the MK -44 molecule, indicating labelled atoms and dimensions as used for 

calculations in the XRR study (solid lines); and NR study (dashed lines), inclusive of hydrogens. Values taken 

as the molecular height are shown in red, and molecular width in blue. The MK -44 structure is taken from 

crystallographic data1 and imaged using CrytsalExplorer 3.0.2 

2.2 X-Ray Reflectivity and SLD profiles for MK -2 and MK-44 dyes 

 

Figure S5 a) Reflectivity profile for TiO2 substrates sensitised with the MK -2 dye (red, 

orange, green, blue). The corresponding fitted models are represented by the overlaying black 

lines. The substrate prior to sensitisation is shown as the black trace, with corresponding 

model in white and indicated the surface was free from contamination (e.g. water). b) 

Corresponding SLD profile, offset to place the silicon interface at 0 Å 

Table S1 Structural data as observed from XRR model refinements for MK -2 sensitised TiO2 

substrates 

 
Dye TiO 2 

Sample t /Å SLD (x10-6) 

/Å-2 

R /Å t /Å SLD (x10-6) 

/Å-2 

R /Å 

1 23.0 10.1 6.2 74.2 30.5 4.0 

2 23.5 9.8 6.4 74.3 30.3 3.4 

3 23.1 10.1 6.2 73.2 30.9 3.8 

4 23.2 10.3 6.6 73.4 30.6 3.3 

 

10
-14

 
10

-12
 

10
-10

 
10

-8
 

10
-6
 

10
-4
 

10
-2
 

10
0

R

0.60.40.2

Q (Å
-1

)

30

25

20

15

10

5

0
S

L
D

 (
1

0
-6

 Å
-2

)
-120 -80 -40 0

Distance from interface (Å)



6 
 

 

Figure S6 a) Reflectivity profile for TiO2 substrates sensitised with the MK -44 dye (red, 

orange, green, blue). The corresponding fitted models are represented by the overlaying black 

lines. The substrate prior to sensitisation is shown as the black trace, with corresponding 

model in white and indicated the surface was free from contamination (e.g. water). b) 

Corresponding SLD profile, offset to place the silicon interface at 0 Å 

Table S2 Structural data as observed from XRR model refinements for MK -44-sensitised 

TiO2 substrates 

 
Dye TiO 2 

Sample t /Å SLD (x10-6) 

/Å-2 

R /Å t /Å SLD (x10-6) 

/Å-2 

R /Å 

1 9.6 9.6 3.5 82.7 29.9 4.1 

2 9.5 9.6 3.7 83.1 30.4 4.2 

3 9.6 9.2 3.5 82.0 30.9 4.2 

4 9.9 9.8 3.7 82.2 31.1 4.2 

 

2.3 Molecular Tilt  
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Figure S7 Diagrammatic representation of the simple trigonometric relation of the dye tilt 

angle (Ŭ) to dmax (the maximum possible dye thickness with the dye orientated perpendicular 

to the surface) and dobs (the observed dye-layer thickness). 

2.4 Justifying the MK -2 intermolecular distance 

 

 

a        b 

Figure S8 (a) Interdigitation model of alkyl groups between MK -2 molecules where their (b) 

intermolecular separation has an inverse relationship with the effective molecular width of 

MK -2. 

It is not possible to offer an absolute value of intermolecular distance for MK -2 due to its 

dependency on the overlap of hexa-alkyl chains on adjacent MK -2 molecules, which is not 

directly measureable using XRR. Figure S8(a) shows a top-down view of a simplified MK -2-

sensitised surface, indicating the two types of intermolecular overlap: intermolecular 

separation parallel to surface plane (here drawn stacking along the y-axis); and hexa-alkyl chain 

inter-digitation (here drawn along the x-axis). However, for the observed area per molecule 

(APM) of 61.6 ± 1.0 Å2 and tilt angle (Ŭ) of 65.1 ± 1.1°, the interdependence between the 

intermolecular overlap and hexa-alkyl chain inter-digitation can be visualised, as shown in 

FigureS8(b). It was therefore deemed more appropriate to present a range of overlap values, 

with the proviso that multiple overlapping states could co-exist on the TiO2 surface. 
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3 Suitability of Neutron Reflectometry (NR) 

3.1 The effect of fitting the dye layer to the neutron reflectometry data 

Figure S9 below shows that fitting the dye layer to the data makes a large impact, vis a vis the 

Figure 5b in the article showed an excellent fit between the data and the three-layer model 

which includes the dye layer. Given the fit to the data is so good, they are represented in Figure 

S9 by a single coloured line for the neutron reflectometry measurements on each solution. 

Figure S9 also shows black lines that demonstrate the impact of including the dye layer on the 

fit to the data. The black lines are the fits presented in Fig. 5b of the paper, but with the dye 

layer removed. The difference between the black lines and coloured lines therefore 

demonstrates the effective contribution of the dye layer to the data, which Figure S9 shows is 

quite marked. The suitability of neutron reflectometry to model dye layers in DSCs is thus 

readily justified. 

 

Figure S9. The coloured lines are the best fits shown in Figure 5b of the article; data points 

hidden for clarity.  The black lines in each case represent the fit with the dye layer removed.   



9 
 

 

3.2 Simulated reflectivity and scattering length density profiles  

One limitation of NR, when compared to XRR, is the range of Q accessible during experiments. 

With a good quality sample, typical lab-based XRR can reach a Qmax of 0.7-0.8 Å-1, whereas 

NR is restrained by the flux of the neutron source and the higher level of background noise 

associated with a multiple beam-line environment. As such, a maximum Q of ~0.3 Å was 

achieved in this work.  

Despite this limitation, the lower Q ranges should still be sufficiently sensitive to detect 

changes in dye thickness and SLD, as demonstrated in Figure S10 and Figure S11.  

 

Figure S10 Simulated Reflectivity and (inset) SLD profiles for a dye layer of varying 

thickness, but fixed SLD (2.8 × 10-6 Å-2) and roughness (4 Å). All other parameters were 

fixed at the calculated values highlighted in Table 2 of the main manuscript. 
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Figure S11 Simulated reflectivity and (inset) SLD profiles for a 15 Å thick dye-layer of 

varying SLD. Roughness has been fixed at 4 Å, along with all other parameters at the 

calculated values highlighted in Table 2 of the main manuscript. 

As described in the manuscript, it was necessary to fix, limit, or link a number of structural 

parameters in the co-refinement to ensure that the changes observed in reflectivity profiles were 

solely from the dye layer. As such, the silicon super-phase was fixed with an SLD of 2.07 × 

10-6 Å-2 and interfacial roughness of 1 Å. The native oxide layer was fixed at 5 Å thick with an 

interfacial roughness of 2.5 Å. TiO2 SLD was fixed at 2.1 × 10-6 Å-2 after initial fitting, along 

with a interfacial roughness of 3.5 Å based on previous XRR studies. TiO2 thickness was linked 

and co-refined across all three runs on a sample. The surface roughness of the dye-layer was 

also fixed at values based upon the initial XRR study due to the equivocal nature of the fitted 

model to this parameter. 

4 Rationalisation for a change in sub-phase SLD between solutions 1-3 

It was observed that the SLD of the solution 1 solvent sub-phase fell under the calculated value 

of 4.92 × 10-6 Å-2 to 4.60 × 10-6 Å-2 and 4.51 × 10-6 Å-2 for MK -2 and MK -44, respectively. 
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This lower than expected SLD for solution 1 can be attributed to a lower than expected d3-

MeCN purity ï the literature values for the mass density of d3-MeCN and h3-MeCN are 0.844 

g cm-3 and 0.786 g cm-3, respectively. The mass density of a freshly-opened vial of d3-MeCN 

was measured using an Anton-Paar DMA 5000 density meter and was observed to actually be 

0.839 g cm-3. Comparing the literature mass density values of the MeCN isotopologues 

indicates that the actual sample must have a deuterated purity of ~92% in order to obtain the 

measured mass density (the remaining 8% being the hydrogenated form). Calculating the SLD 

for this d3/h3-MeCN mixture (Equation 2) yields an SLD of 4.58 × 10-6 Å-2, in close agreement 

with the value observed with NR.  

Upon addition of LiI  to the MeCN solvent, to form solution 2, the observed SLD is seen by NR 

to increase to 4.74 × 10-6 Å-2 and 4.67 × 10-6 Å-2 for MK -2 and MK -44, respectively.  

Interestingly, a large increase in mass density is also observed to 0.925 g cm-3. The SLD of the 

neat solvent at this density would be 5.08 × 10-6 Å-2 (Equation 2), which is higher than observed. 

The scattering from the Li+ and I- ions (with scattering lengths of -2.22 fm and 5.28 fm, 

respectively)3 must therefore be non-negligible. The approximate composition of solution 2 

was calculated as being 88.8% d3-MeCN, 7.7% h3-MeCN and 3.5% LiI.  Calculation of the 

SLD for this mixture at the observed density yields 4.68 × 10-6 Å-2 (Equation 2), close to the 

NR-observed value and also notably larger than that observed for solution 1.  

Solution 3 sees a further increase in the SLD of the sub-phase to 4.86 × 10-6 Å-2 and 4.74 × 10-

6 Å-2 with the addition of I2. The density of solution 3 was found to be essentially unchanged 

relative to solution 2, at 0.924 g cm-3. The low concentration of I2, 0.05 M would see it only 

constitute ~0.3 % of the overall solution, but upon calculation led to a small decrease in overall 

SLD to 4.54 × 10-6 Å-2 (Equation 2). This is contrary to that observed with NR. However, the 

density of solution 3 was found to increase gradually over time (e.g. the mass density of 
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solution 3 after a period of months had exceeded 1.10 g cm-3), possibly due to the hydrophobic 

nature of the d3/h3-MeCN:LiI:I2 mixture, or gradual evaporation of more volatile components. 

Due to the time between successive NR measurements, it is possible these effects led to the 

density of solution 3 increasing to an extent that the decrease in SLD from the addition of I2 

was overcome. Incidentally, a density of 0.985 g cm-3 would be required for to obtain an SLD 

of 4.86 × 10-6 Å-2. 

5 Monte-Carlo Resampling of NR data 

Monte-Carlo analysis is undertaken after the best fits have been achieved through óstandardô 

fitting of the NR datasets to a physical model.  The fits presented in Figure 5 and the 

parameters in Table 3 of this paper are a result of fitting with Motofit, but the errors come 

from the Monte Carlo process.  No two fits to data give exactly the same numerical outputs, 

so Monte-Carlo analysis is then undertaken to give an indication of the spread of fits that 

satisfy the data.  The SLD profiles corresponding to the fits from all the iterations performed 

are then shown in Figure S12 (MK-2) and Figure S13 (MK-44), where the solid line is the 

Motofit output.  It can be seen that the spread of profiles is much tighter for the MK-2 dye, 

thicker layer with better contrast, than for the MK-44.  One can see from these profiles that 

the fit for the MK-44 solution 1 (Figure S13a) is less well determined; this is for a situation 

where the dye thickness is at the lower limit of detection and there is only a single contrast 

available for fitting.  For Figure S12b and Figure S12c there is reduced spread of SLD 

values; note the thickness is very well determined in each case.  The errors presented in Table 

3 of the paper are a result of the analysis of the spread of values for each parameter around 

the best fit value. 

In more technical detail, resampling of the NR data was conducted to allow calculation of 

errors in the fitted models using 1000 Monte-Carlo iterations.4 In these instances, these errors 
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are presented as one standard deviation (1ů). After each resampling run, an SLD profile 

indicating the spread of the calculated data are generated and are shown in Figure S12 for 

MK -2 and Figure S13 for MK -44, respectively. It should be noted that Figures S12 and S13 

show all outcomes of the Monte-Carlo analysis, whereas the values reported in Table 3 of the 

manuscript show the median of these values with an error equal to 1 standard deviation. 
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Figure S12 Monte-Carlo resampled SLD profiles for MK -2-sensitised TiO2 surfaces in 

solutions 1 (top); 2 (middle); and 3 (bottom). The breadth of distribution is indicated by the 

grey shadowing, where darker regions represent high density. In the MK -2 example, clear 

higher density states exist at SLDs of 1.9 × 10-6 Å-2 (top) and ~2.4 × 10-6 Å-2 (middle and 

bottom), indicated by the darker colouration, with a spread of approximately 0.1 × 10-6 Å-2.  
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