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[bookmark: _Toc447992348]Section S1: Materials
The different batches and fractions of C1 and C3 polymers used in this work are listed in Tables S1.1 and S1.2 respectively; corresponding gel permeation chromatography traces are displayed in Figure S1.1. In addition to C1 and C3, a third polymer, with an intermediate side chain branching point and therefore called C2, was studied; its structure is shown in Figure S1.2. Only a high molecular weight batch (Mn 116 kg mol-1, Mw 357 kg mol-1) was studied.
Table S1.1 Molecular weight of DPP-TT-T C1 polymer batches. 
	Batch
	Mn (kg mol-1)
	Mw (kg mol-1)
	PDI

	C1-20
	20
	85
	4.4

	C1-24
	24
	89
	3.7

	C1-55  (‘C1 LMW’)
	55
	100
	1.8

	C1-85
	85
	160
	1.9

	 C1-120 (‘C1 HMW’)
	120
	265
	2.2



Table S1.2 Molecular weight of DPP-TT-T C3 polymer batches
	Batch
	Mn (kg mol-1)
	Mw (kg mol-1)
	PDI

	C3-9
	9
	28
	3.1

	C3-16 (‘C3 LMW’)
	16
	51
	3.1

	C3-84 (‘C3 HMW’)
	84
	264
	3.1

	C3-99
	99
	228
	2.3



	[image: ]
	


Figure S1.1 Gel Permeation Chromatography traces of DPP-TT-T C1 (left) and C3 (right) polymer batches used in this study.

[image: ]
Figure S1.2 Molecular structure of the DPP-TT-T C2 polymer



[bookmark: _Toc447992349]Section S2: Current-Voltage measurements
[bookmark: _Toc447992350]S2.1 Current-Voltage
The current-voltage data for the best-performing devices are shown in Figure S2.1, and corresponding values displayed in Table S2.1. It should be noted that due to material availability and the particular focus of this manuscript, within the evaporation run multiple film coating parameters were tried and so there are limited high-performing substrates. Nonetheless, Table S2.2 shows the average performance and standard deviation of the substrates with optimised parameters, along with the number n of devices.
[image: ]
Figure S2.1 Current voltage curves for DPP-TT-T:PC70BM (1:2, by weight) devices with the architecture glass / ITO / ZnO (30nm) / blend / MoO3 (10nm) / Ag (100nm). C1 low (C1-55, Mn 55 kDa) and high (C1-120, Mn 120 kDa) molecular weight blend devices are shown by red and dark red lines respectively, and C3 low (C3-16, Mn 16 kDa) and high (C3-84, Mn 84 kDa) molecular weight blend devices are shown by blue and dark blue.
Table S2.1 J-V characteristics of the devices shown in Figure S2.1 made using low and high molecular weight C1 and C3 DPP-TT-T blended with PC70BM: short-circuit current Jsc, open-circuit voltage Voc, fill factor and power conversion efficiency PCE. All devices had the following architecture: ITO / ZnO / DPP-TT-T:PC70BM 1:2 (by weight) / MoO3 / Ag.
	Active Material
	Jsc (mA cm-2)
	Voc (V)
	Fill Factor
	PCE (%)

	C1 LMW:PC70BM
	16.45
	0.579
	0.61
	5.85

	C1 HMW:PC70BM
	22.75
	0.566
	0.63
	8.09

	C3 LMW:PC70BM
	14.33
	0.516
	0.62
	4.58

	C3 HMW:PC70BM
	21.83
	0.591
	0.66
	8.48



Table S2.2 Available statistics for devices tested.
	Material
	Average PCE (%)
	Number of devices
	Standard Deviation

	C1 LMW : PC70BM
	5.7
	3
	0.2

	C1 HMW : PC70BM
	7.5
	10
	0.4

	C3 LMW : PC70BM
	4.8
	5
	0.3

	C3 HMW : PC70BM
	7.9
	11
	0.9



[bookmark: _Toc447992351]S2.2 External Quantum Efficiency
As a further check of the validity of the short-circuit current, Jsc, obtained from the current-voltage J-V curves, the external quantum efficiency (EQE) of devices made with each material were measured (Figure S2.2). These spectra were then integrated over the solar spectrum to obtain an independent value for the Jsc; the values are shown in Table S2.2 and show good agreement with the J-V values. 

[bookmark: _Toc444165103][bookmark: _Toc444165173][image: ]

Figure S2.2 External quantum efficiency spectra of DPP-TT-T devices: C1 low and high molecular weight (red and dark red respectively) and C3 low and high molecular weight (blue and dark blue respectively). The devices were made at the same time as the devices shown in Figure S2.1, but are not necessarily the same ones.

Table S2.2 Short-circuit current Jsc of the devices shown in Figure S2.2, as measured from the current-voltage J-V curves, and as derived from the external quantum efficiency, EQE, by integrating the EQE spectra over the solar spectrum.
	Material
	J-V Jsc (mA cm-2)
	EQE-derived Jsc (mA cm-2)
	Active Layer thickness (nm)

	C1 LMW : PC70BM
	16.5
	16.7
	65

	C1 HMW : PC70BM
	19.3
	19.6
	115

	C3 LMW : PC70BM
	14.3
	14.5
	65

	C3 HMW : PC70BM
	21.6
	22.1
	75



[bookmark: _Toc447992352]S2.3 Estimation of Internal Quantum Efficiency
In order to ascertain the proportion of short-circuit current increase due to optical factors versus possible electrical factors, the internal quantum efficiency (IQE) was estimated using the measured EQE shown in Figure S2.2, and using a transfer matrix model1,2 to calculate the approximate absorption in the active layer of a device stack using the measured optical constants. The IQE was then determined as the scaling factor required for the calculated absorption to match the magnitude of the EQE. This value, therefore, represents the increase in Jsc due to electrical factors such as charge collection efficiency. The remainder of the increase can be assigned to optical factors; Tables S2.3 and S2.4 show the breakdown for C1 and C3 devices respectively, indicating that optical factors account for a little less than half of the increase in Jsc upon increasing molecular weight. Also included in Tables S2.3 and S2.4 are typical values of the blend extinction coefficient, taken at 600 nm. These show that, as expected for a collection-limited system, the increase in photocurrent due to increased absorption is slightly less than the increase in extinction coefficient (see Section S10 for further details).
Table S2.3 Assessment of the breakdown of short-circuit current increase of DPP-TT-T C1 devices. The measured Jsc is derived from the integral of the external quantum efficiency EQE, and the IQE is estimated by comparing the magnitude of the measured EQE and the absorption as calculated using transfer matrix modelling (TMM). The Jsc from TMM is the integral of the calculated active layer absorbance over the solar spectrum, if the IQE is assumed to be 100%. The ratio of HMW/LMW for each of the values is calculated to determine the relevant proportional increase. For comparison, the extinction coefficient value of the blends at 600 nm, chosen as a representative typical value, are shown.
	
	Jsc (mA cm-2)
	Estimated IQE
	Jsc from TMM, 100% IQE (mA cm-2)
	κ at 600nm

	HMW
	19.6
	0.77
	25.4
	0.33

	LMW
	16.7
	0.71
	23.6
	0.29

	Ratio
	1.17
	1.09
	1.08
	1.11



Table S2.4 Assessment of the breakdown of short-circuit current increase of DPP-TT-T C3 devices, as above in Table S2.3. 
	
	Jsc (mA cm-2)
	Estimated IQE
	Jsc from TMM, 100% IQE (mA cm-2)
	κ at 600nm

	HMW
	22.1
	0.86
	25.6
	0.36

	LMW
	14.5
	0.65
	22.1
	0.29

	Ratio
	1.52
	1.32
	1.16
	1.26


[bookmark: _Toc447992353]Section S3: Device Characterisation
[bookmark: _Toc447992354]S3.1 Estimation of Charge Carrier Lifetime and Mobility
Transient photovoltage, differential charging and charge extraction measurements were carried out as described previously3-5 on the same devices as were used to measure the solar cell J-V characteristics. A background ultraviolet lamp (254 nm) was used to promote conductivity of the zinc oxide interlayer; negligible photocurrent at this wavelength was generated and the J-V characteristics of the devices did not degrade appreciably during measurement. The J-V characteristics of the devices, chosen for optimal fill factor, measured at the time of the TPV experiment are shown in Table S3.1. 
Table S3.1 J-V characteristics of devices at time of TPV experiment 
	Material
	Jsc (mA cm-2)
	Voc (V)
	Fill Factor
	PCE (%)

	C1 LMW : PC70BM
	14.83
	0.577
	0.68
	5.84

	C1 HMW : PC70BM
	20.35
	0.565
	0.64
	7.33

	C3 LMW : PC70BM
	12.03
	0.561
	0.62
	4.19

	C3 HMW : PC70BM
	18.23
	0.576
	0.62
	6.48



The small perturbation charge carrier lifetime is measured by holding a device at open circuit under a certain light bias. The corresponding decay is well-fit by a single exponential which can be converted to the overall charge carrier lifetime as derived by O’Regan et al.6 (Equation S3.1). The corresponding charge carrier densities were determined using the differential charging technique3: Equation S3.2 is applied where  is the injected charge due to the laser pulse, and  is the resulting induced photovoltage; the geometric capacitance of the electrodes was subsequently subtracted to obtain the capacitance of the active layer only. The resulting capacitance as a function of open-circuit voltage is fitted to obtain η and  which are used to calculate the charge density n according to Equation S3.3; A is the device area and d is the device thickness. The resulting charge density is fit as a function of open-circuit voltage to obtain  and m. Therefore the reaction order δ can be calculated according to Equation S3.4, which in turn allows calculation of the overall carrier lifetime according to Equation S3.5. The resultant fit parameters are shown in Table S3.2. The mobility μ was calculated assuming drift-dominated current at short-circuit according to Equation S3.6 following a measurement of the charge density at short-circuit, nsc using charge extraction5. The built-in voltage Vbi was approximated as the voltage when the corrected photocurrent (the difference between the light and dark currents) was zero. The lifetime, mobility and mobility-lifetime product are plotted as a function of charge density in Figure S3.1.
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Table S3.2 Fit parameters from the differential charging and transient photovoltage analysis
	Material
	 (s)
	
	C0(F)
	η (V-1)
	n0 (cm-3)
	m

	C1 LMW : PC70BM
	0.95
	0.66
	1.43 x 10-11
	11.7
	2.45 x 1013
	0.30

	C1 HMW : PC70BM
	0.19
	0.60
	9.70 x 10-12
	12.9
	1.95 x 1013
	0.30

	C3 LMW : PC70BM
	24.5
	0.63
	5.60 x 10-10
	5.5
	1.69 x 1015
	0.16

	C3 HMW : PC70BM
	25.9
	0.67
	5.65 x 10-10
	5.3
	1.41 x 1015
	0.16



The validity of the fitted parameters can be checked by calculating the predicted open-circuit as a function of light intensity using Equation S3.77. Figure S3.2 shows that the predictions of open-circuit voltage are very close to the measured values across a wide range in light intensities.
	
	
	        (S3.7)
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Figure S3.1 Charge density dependent carrier lifetime (a), mobility (b), and resulting mobility-lifetime product (c) of DPP-TT-T C1 and C3 low and high molecular weight devices.
[image: ]
Figure S3.2 Measured (black circles) and calculated (red crosses) open circuit voltage as a function of light intensity. The voltage is calculated using Equation S3.7 with the constants fitted from the transient photovoltage and differential charging analysis.
While the materials studied show electronic properties relatively insensitive to molecular weight, as evidenced by the very similar mobility-lifetime product as a function of charge density (Figure S3.1c), the low MW devices studied seemed to show poorer charge carrier collection. In order to compare individual devices, therefore, the charge carrier lifetime and mobility were plotted as a function of light intensity (Figure S3.3), indicating that the likely cause is poorer mobility in the LMW devices. 
[image: ][image: ]
Figure S3.3 Carrier recombination lifetime (a) and mobility (b) as a function of light intensity for low and high molecular weight DPP-TT-T C1 and C3. C1 HMW is shown by dark red squares, C1 LMW by red circles, C3 HMW by dark blue up triangles and C3 LMW by light blue down triangles.

[bookmark: _Toc447992355]S3.2 Capacitance-Voltage measurement of apparent doping
Unintentional doping can have a large effect on the device characteristics of polymer:fullerene solar cells8, because high levels of doping can result in band bending if the depletion region w (Equation S3.8) is less than the device thickness, which in turn can result in lower Jsc.
	
	
	(S3.8)


In Equation S3.8, ε is the dielectric constant, Vbi is the built-in voltage, V is the applied voltage, q is the elementary charge, and Napp is the apparent doping concentration. Devices with thick active layers (approx. 500nm) were fabricated with a glass/ITO/PEDOT:PSS/DPP-TT-T:PC70BM (1:2)/Ca/Al architecture. The capacitance as a function of applied voltage was measured using a Schlumberger SI1260 impedance analyser, and the apparent doping concentration was calculated using9:
	
	
	(S3.9)


where A is the device area, and x=εA/C. Due to material availability, this measurement was performed on devices made from C1-24, C2 and C3-99 and the resulting doping profile is shown in Figure S3.3. The doping concentration in all cases is low, resulting in depletion widths at short circuit greater than the active layer film thickness. Therefore we can conclude that the differences in short-circuit current between the devices is not due to differences in doping causing band bending.
[image: ]
Figure S3.3 The apparent doping concentration of devices made from DPP-TT-T C1-24, C2 and C3-99 blends with PC70BM, calculated using Mott-Schottky analysis.



[bookmark: _Toc447992356]Section S4: Variable angle spectroscopic ellipsometry measurement and analysis
[bookmark: _Toc447992357]S4.1 Table of materials and references
We have used literature data and our own database of material refractive indices to produce Figure 1 in the main text. We have been able to estimate the absorption maximum for over 40 different semiconducting polymers.
Table S4.1 Materials investigated by our groups.
	Material Abbreviation
	Reference
	Wavelength of max absorption λmax (nm)
	Maximum extinction coefficient κmax

	PFO
	10
	370.6
	0.826

	F6
	10
	370.6
	0.824

	DowRed F
	10
	455
	0.577

	F8BT
	10
	461.1
	0.675

	F8DP
	10
	376.6
	0.870

	P3HT
	11
	521.4
	0.960

	PFO beta
	11
	375.6
	0.960

	SC005
	12
	370.6
	0.935

	SC006
	12
	373.6
	0.802

	SC007
	12
	382.7
	0.988

	SC008
	12
	364.6
	1.022

	SC010
	12
	370.6
	0.924

	TFMO
	This work
	382.7
	0.670

	P3BT
	This work
	503.3
	0.909

	IsoindigoD16B
	This work
	615
	0.85

	APFO3
	13
	535
	0.555

	APFOGreen9
	14
	779
	0.403

	TQ1
	15
	617.2
	0.554

	Si-PCPDTBT
	16
	678.3
	0.907

	PCPDTBT
	17
	683.9
	0.937

	PCDTBT
	17
	549.5
	0.945



Table S4.2 Literature values.
	Material Abbreviation
	Reference
	Wavelength of max absorption λmax (nm)
	Maximum extinction coefficient κmax

	MEHPPV
	18
	490
	0.7

	P3OT
	19
	528
	0.6

	P3OT
	20
	528
	0.25

	NDA
	21
	375
	0.15

	APFOG1
	22
	813
	0.41

	APFOG2
	22
	625
	0.18

	LPPP
	23
	475
	0.35

	Pentacene
	24
	670
	0.45

	Perfluoropentacene
	24
	708
	0.35

	poly(arylenephenylene)s P1
	25
	420
	0.45

	poly(arylenephenylene)s P2
	25
	404
	0.375

	poly(arylenephenylene)s P3
	25
	456
	0.35

	poly(arylenephenylene)s P4
	25
	430
	0.35

	poly(arylenephenylene)s P5
	25
	475
	0.3

	F8BT
	26
	460
	0.6

	OC1C10-PPV
	26
	525
	0.85

	PFB
	27
	390
	0.45

	TFB
	27
	390
	0.55

	PTB7
	28
	620
	0.744



[bookmark: _Toc447992358]S4.2 Analysis
The Winelli 2 software package was used to analyze the VASE data. The standard critical point model (SCP)11 was used to fit the data for both pristine DPP-TT-T films and corresponding blends. We note that our results are insensitive to the choice of model, since collections of Lorentzian and/or Gaussian peaks resulted in similar differences in oscillator strength for the different samples. Figure S4.1 shows typical fits for a DPP-TT-T film C3 with two different molecular weights. Furthermore, four samples with two different molecular weights and two different substrates were also measured using a J.A. Woollam M2000 ellipsometer and no major difference was found between the two sets of data, nor in the deduced optical properties.
In order to test for the anisotropic optical response that might result from preferential orientation of the polymer chains parallel to the substrate29, we attempted to model the VASE data using uniaxial anisotropic models, using either the SCP or Tauc-Lorentz models for the entire spectral range, or a Cauchy law in the transparency region. No significant improvement in the fit quality was observed when using these models. We further tested the possibility of anisotropy by depositing samples on Si/SiO2(1030nm) substrates in order to perform interference enhanced VASE30. Fitting these data did not require anisotropic models. This, together with the absorption results measured in solution, strongly suggest that the large enhancement of absorption observed when increasing molecular weight is not mainly due to chain orientation relative to the substrate (c.f. Ref.18). For the case of blends, no clear evidence was found for vertical segregation of components or anisotropy.
[image: ]
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Figure S4.1 Fitting (red lines) of the experimental (open squares) ellipsometric angles tan() (lower panels) and cos() (lower panels) for DPP-TT-T-C3 with two different Mn: C3-16 (a) and C3-84 (b). The different series in each graph corresponds to different incidence angles.
[bookmark: _Toc447992359]S4.3 Thickness dependence
It has been shown that film thickness may have an influence on the optical properties of conjugated polymer thin films19,31,32. We have investigated this by producing samples with different thickness for each material system. Figure S4.2 shows that there is some small (10%) increase in the maximum of the extinction coefficient with increasing film thickness. This tendency is the opposite of what was previously reported for polyalkylthiophenes19.
[image: ]
Figure S4.2 Thickness dependence of the complex refractive indices deduced from VASE data for DPP-TT-T films of C1-24 (left) and C3-99 (right). 
In order to differentiate thickness effects from the molecular weight comparison, the refractive indices given in Figure 2 and Figure 4a correspond to films with small thicknesses dispersions (when possible). Moreover, film thicknesses were double checked using profilometry and found in good agreement with the ellipsometrically deduced values.
[bookmark: _Toc447992360]S4.4 Absorption Coefficient
The absorption coefficient α (in units cm-1) can be calculated from the ellipsometry extinction coefficient κ using the relation . Figures S4.3 and S4.4 are the absorption coefficient analogs of Figures 2 and 4a of the main text.
[image: ]
Figure S4.3 Absorption coefficient  where κ was measured using ellipsometry and is shown in Figure 2 of the manuscript. (a) and (b) show the pristine DPP-TT-T C1 and C3 data, respectively; (c) and (d) show data for 1:2 blends with PC70BM of C1 and C3 respectively.
[image: ]
Figure S4.4 Absorption coefficient  where κ was measured using ellipsometry and is shown in Figure 4a of the manuscript. The solid lines correspond to polymers measured in this study: DPP-TT-T C3, DPP3T and IDTBT. The dashed lines correspond to values taken from the literature: P3HT, PTB7 and PCPDTBT.
[bookmark: _Toc447992361]Section S5: Solution Ultraviolet-Visible Spectroscopy
In order to ascertain whether the differences in extinction coefficient observed in thin films using ellipsometry were material properties or related to film effects, the ultraviolet-visible (UV-Vis) absorption spectra of dilute solutions of the materials were measured; Figure S5.1 shows the absorption of C3 dissolved in chloroform (CF) as a function of molecular weight. Solutions in 1,2-dichlorobenzene (ODCB) were also measured; the maximum extinction coefficient of each material was relatively insensitive to solvent (Figure S5.2). The spectral shape and intensity was also found to be reasonably insensitive to solution concentration within the sensitivity limits of our set-up (Figure S5.3). 
[image: ]

Figure S5.1 Decadic molar extinction coefficient, calculated per mole of monomer, of C3 as a function of molecular weight. All solutions are 5 μg ml-1 in chloroform. 







[image: ]Figure S5.2 Solution ultraviolet-visible absorption spectra of four different polymer materials in chloroform (black lines) and 1,2-dichlorobenzene (ODCB). All solutions are 5 μg ml-1, and a spectrasil cuvette with a 1 cm path length was used. The molar decadic extinction coefficient was calculated per mole of monomer.
[image: ]
Figure S5.3 Dilution series for C1-24 and C3-99 polymers in a 4:1 chloroform:1,2-dichlorobenzene solvent mixture. The left panel shows DPP-TT-T C1 spectra for a range of concentrations between 0.25 and 10 μg ml-1, and the right panel shows DPP-TT-T C3 spectra for 0.25-25 μg ml-1 solutions. In all cases a spectrasil cuvette with a 1 cm path length was used, and the molar extinction coefficient was calculated per mole of monomer to enable comparison between concentrations.
[bookmark: _Toc447992362]Section S6: Quantum Chemical Calculations
[bookmark: _Toc447992363]S6.1 Excitation Properties of Simple Systems: The Infinite Square Well and Quantum Harmonic Oscillator
It can be shown that for one dimensional potential well systems, the majority of oscillator strength lies in the lowest energy excited state. In the case of an infinite square well the oscillator strength for the n to n+1 transition is given by  and clearly tends toward n as n increases. For the simple harmonic oscillator (SHO), the result is exact at fn,n+1 = n. The symmetry of eigenstates in the two systems leads to a larger transition dipole matrix element for transitions between consecutive states than between any other pairs of states33.  
[bookmark: _Toc447992364]S6.2 Number of π-electrons for the polymers studied
To normalise transition strengths by the number of electrons available, we assume that transitions in the visible region are due to the π system and therefore count the number of π-conjugated electrons in each unit34,35. We note that, especially for multi-ring structures with added functionalities, the number of π electrons may not be well-defined, but any such uncertainties affect the normalisation only slightly. Table S6.1 shows the oligomer structure and corresponding polymer name for the materials studied and Table S6.2 shows the number of π-conjugated electrons that we count in each conjugated unit.
Table S6.1 Names and chemical structures of oligomers studied
	Polymer (Oligomer) Abbreviation
	Polymer Full Name
	Oligomer Structure

	P3HT (T)
	Poly-3-hexylthiophene-2,5-diyl
	[image: ]

	PFO (F)
	Poly-9,9-di-n-octylfluorenyl-2,7-diyl
	[image: ]

	PCPDTBT
	Poly-2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b?]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)
	[image: ]

	Si-PCPDTBT
	Poly((4,4'-bis(2- ethylhexyl)-dithieno(3,2-b:2',3'-d)silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3- benzothiadiazole)-5,5'-diyl)
	[image: ]

	FODTBT (FTBT)
	Poly 2,7-(9,9-dioctylfluorene)-alt-4,7-bis(thiophen-2-yl)benzo-2,1,3-thiadiazole
	[image: ]

	PCDTBT
	Poly(9-(1-octylnonyl)-9H-carbazole-2,7-diyl)-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl
	[image: ]

	DPP3T
	Poly(3-(2,2'-bithiophen-5,5’-yl)-2,5-bis(2-octyldodecyl)-6-(thiophen-2,5-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione)
	[image: ]

	IDTBT
	Poly-4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b']dithiophene-alt-benzo[c][1,2,5]thiadiazole
	[image: ]


Paranthesis included when calculated oligomer names differ (as a result of exclusion of sidechains from calculations)

Table S6.2 Number of pi-conjugated electrons per submonomer unit
	Unit
	Thiophene
	Thieno-thiophene
	Dikyeto-pyrollopyrolle
	Benzothio-diazole
	Fluorene
	Cyclo-pentadithio-phene
	Si –Cyclopentadithio-phene
	Carbazole
	Indacenodithiophene

	Abbreviation
	T
	TT
	DPP
	BT
	F
	CPDT
	Si-CPDT
	CZ
	IDT

	Npi
	6
	10
	10
	10
	12†
	12†
	12†
	14
	18



[bookmark: _Toc447992365]S6.3 Quantification of deviation from co-linearity: θring and θmon
We use the quantities θring and θmon to quantify the deviation from co-linearity of bonds preceding and succeeding a conjugated ring or a monomer respectively, as shown in Figure S6.1. For oligomers with only one conjugated ring in the monomer, these quantities will be identical.
[image: ]
Figure S6.1 - θring denotes the angle between bonds preceding and succeeding a conjugated ring, θmon denotes the angle between bonds preceding and succeeding a monomer. 
[bookmark: _Toc447992366]S6.4 Details of Geometry Optimisation
Planar starting geometries for subunits are built using GaussView36, and oligomers from these subunits are built using a homemade bash script, which arranges these subunits, and builds an input file for a geometry optimisation in Gaussian 0937. Oligomers are considered with both all-trans and all-cis configurations of monomers. 
For each starting geometry, a geometry optimisation is carried out in which dihedral angles between neighbouring conjugated rings are constrained to 0° or 180°, such that the oligomer remains planar. Optimised geometries for planar oligomers in configurations for which excitation properties are calculated in the manuscript are shown in Table S6.3.
Table S6.3 Optimised geometry for planar oligomers of 60 <Npi< 85, in configurations for which excitation properties are calculated in the main body of the paper, and associated monomer length and θmon.
	Name
	All-trans Configuration
	All-cis Configuration
	Monomer Length (Å)
	θmon

	β-F
	[image: ]
	[image: ]
	8.6
	23°

	T
	[image: ]
	[image: ]
	4.0
	27°

	DPP-TT-T
	[image: ]
	[image: ]
	20.7
	27°

	DPP-3T
	[image: ]
	[image: ]
	18.8
	27°

	3TI
	[image: ]
	[image: ]
	23.0
	27°

	1TI
	[image: ]
	[image: ]
	15.0
	27°

	CPDTBT
	[image: ]
	[image: ]
	12.3
	28°

	Si-CPDTBT
	[image: ]
	[image: ]
	12.3
	44°

	CDTBT
	[image: ]
	[image: ]
	19.1
	35°

	FTBT
	[image: ]
	[image: ]
	19.3
	40°

	IDTBT
	[image: ]
	[image: ]
	16.4
	0°



For each oligomer type, a separate geometry optimisation is performed without constraints for an oligomer prepared in a geometry slightly perturbed from the planarised initial configurations  in order to obtain an estimate of energy cost (if any) associated with planarisation. In DPP-TT-T, we consider both the all-trans (a) and all-cis (b) configuration. Results are shown in Figure S6.2.

Figure S6.2 Energy barriers to planarisation (ground state energy of the planarised structure relative to the structure resulting from a free optimisation) in oligomers of lengths as shown in in Table S6.3. DPP-TT-T is shown in (a) all-trans, and (b) all-cis configurations, and other oligomers in only an all-trans configuration. 
[bookmark: _Toc447992367]S6.5 Comparison Between Experimental and Calculated Oscillator Strengths in Oligothiophene
Figure S6.3 shows the mass attenuation coefficient of oligomers of 3HT of between two and twenty five monomers in length, measured in solution, and normalised to the mass attenuation coefficient of a 25mer, as reported by Koch38. Alongside these are calculated oscillator strengths (which are directly proportional to the mass attenuation coefficient for isotropically oriented molecules, as in solution) of oligomers of the same lengths in the all-trans monomer configuration, similarly normalised. In each case, the values calculated using CAM-B3LYP lie close to, if not within error margins of, the experimental values.
The good agreement between experimental results and our calculated results provides a validation of our method.

Figure S6.3 Experimental mass attenuation coefficient for 3-hexyl-thiophene oligomers of different length and normalised to the value for a 25-mer, compared with f1calculated with TD-DFT using CAM-B3LYP/6-31g*, and normalised to the value for a 25-mer. Experimental data from 38.
[bookmark: _Toc447992368]S6.6 More Details of Excitation Properties
Figure S6.4 shows the square of the transition dipole moment of the first transition in all-trans monomer configurations, demonstrating that calculated differences in oscillator strength per pi-electron between high and low bandgap oligomers chiefly arise from differences in excitation energy, rather than transition dipole moment. The relatively low values in FTBT and CDTBT are attributed to sinuosity (an S-shape) within the monomer.
[image: ]
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Figure S6.4 Transition dipole moment squared of the first excitation, normalised to the number of pi-electrons in the system, for a range of oligomer lengths in all-trans (a) and all-cis (b) monomer configurations, calculated using CAM-B3LYP/6-31g*.
[bookmark: _Toc447992369]S6.7 Estimation of Oligomer Excitation Properties with a Simple Model and Comparison with TDDFT
In order to have an intuitive model for how differences in conformation between all-cis and all-trans monomers affect the transition dipole, we use an approach rooted in basic principles, as used for example by Soos and Schweizer39, schematised in Figure S6.5. We define the direction, , of monomer [image: ] as that of the single bond linking monomer n - 1 and monomer [image: ]. Monomer [image: ] contributes a vector μn in direction  to the transition dipole moment of the oligomer, such that , with  parallel to the Cartesian x-axis. The angle between monomer [image: ]and the successive monomer, θn, is +θmon for odd [image: ] and –θmon for even[image: ] in the all-trans configuration, and +θmon for all [image: ] in the all-cis configuration, where θmon is as reported in Table S6.3 for the oligomer structure under consideration.
[image: ]

Figure S6.5 Illustration of the role of oligomer conformation on the transition dipole moment in a simple model based on Soos et al.39. Each monomer contributes a vector of equal magnitude, μmon, oriented in the direction of the preceding intermonomer bond, to the transition dipole moment of the oligomer, μolig.
We use this model to predict a ratio between the transition dipole moment of the first excited state in all-trans and all-cis configurations (μolig,alt and μolig,non-alt respectively), of a range of oligomers, based upon their theta values, and number of monomers. For an oligomer with an even number of monomers, N, it may be shown geometrically that , and , leading to . We compare this ratio to that which we find using linear response TDDFT with CAM-B3LYP/6-31g* for the same oligomers. Results are shown in Figure S6.6. The simple model tends to overestimate the effect of conformation, because in practice (and using TDDFT) excitons are more localised towards the centre of the oligomer. The simple model particularly underestimates ratios in CDTBT and FTBT owing to a higher degree of sinuosity (S-shaped curve) in the monomer in the all-trans conformation. The good agreement between TDDFT and this simple model demonstrates the central importance of conformation in determining absorption characteristics of polymers.


[bookmark: _GoBack]Figure S6.6 Ratio between the transition dipole moment of the first transition of all-trans and all-cis oligomer conformations of length 120 < Nπ < 165 (twice the length of those presented Table S6.3). Calculated using linear response TDDFT with CAM-B3LYP/6-31g*, and using the simple model illustrated in Figure S6.5.
[bookmark: _Toc447992370]S6.8 Calculation of Persistence Length
In order to quantitatively compare the linearity of different polymers, we calculate persistence lengths for a range of polymers using the formula given by Flory et al.40, which represents the average projection of all bonds in the polymer onto (any) selected bond (following Rossi et al.41, the first bond is taken to be oriented in x, and the conjugated plane to be perpendicular to z):
	
	
	(S6.1)


This value is generally higher for more linear oligomers, and is related in a simple manner to absorption properties by Rossi et al.  here represents the standard rotation matrix, a sum, or more generally an integral, of all the possible rotation matrices between a vector and its neighbour, each weighted by their population in a room temperature Boltzmann distribution. 
We calculate the persistence length under the approximation that the conjugated plane remains completely planar, with bends allowed only as a result of ‘cis’/’trans’ isomerism of neighbouring conjugated rings. We thus consider as a sum of possible rotation matrices weighted by their population at room temperature:
	
	
	(S6.2)


where[image: ]represents the bond rotation, and [image: ]represents the change in ground state energy associated with the addition of a monomer in configuration [image: ]to the end of the previous monomer. For each monomer configuration, i, we define [image: ] by:
	
	[image: ]
	(S6.3)


where Rz(θmon,i) represents the matrix which brings about a rotation of θmon,i, associated with configuration i, which may be positive or negative, about the z-axis,[image: ]represents the matrix associated with a 180° rotation in the x axis, γi = 1 for monomer configurations which bring about a flip in the final interring units and γi = 0 for monomer configurations which bring about no flip. 






A monomer containing  conjugated units may adopt one of [image: ]conformations under the constraint of planarity, each with a different ground state energy. We access these conformations by calculating values of θring associated with different substituent rings, and the impact of different ‘cis’/‘trans’ isomerism of pairs of rings on the ground state energy of the oligomer. We obtain values of θring associated with each conjugated ring from optimised molecular geometries (Figure S6.7a). We optimise the geometry, and calculate the ground state energy, , of a twelve unit oligomer in an all-trans conformation (with a monomer configuration as in Table S6.4) under the constraint of planarity. We then flip the configuration of each unique pair of units in the central monomer individually, reoptimise the  molecular geometry under the constraint of planarity, , and subtract from the ground state energy, ,  of the first configuration to obtain energy barriers,  associated with each flip in unit configuration (as schematised in Figure S6.7b). This procedure failed to produce a planar structure for the F-F bond, and we do not calculate a persistence length for F.  Calculated θring and  values for other units are shown in Tables S6.4 and S6.5.
[image: ][image: ](a)	(b)	
	







Figure S6.7 Obtaining parameters for persistence length (a) θring associated with a range of conjugated rings, (b) Calculation of energy barriers to a flip in conformation between F and T, and T and BT units in FTBT. Arrows in top oligomer indicate where flips in `cis'/`trans' isomerism of neighbouring rings occur to give structures in the bottom two oligomers.
Table S6.4 Calculated θring of conjugated units.
	Unit
	T
	CPDT
	Si-CPDT
	F
	CZ
	BT
	DPP
	IDT
	TT

	θring (∘)
	27
	23
	44
	23
	28
	0
	0
	0
	0




Table S6.5 Calculated energy barriers, .for flipping configuration of pairs of conjugated units
	Flip
	T-T
	CPDT-BT
	SiCPDT-BT
	T-BT
	T-CZ

	from
	[image: ]
	[image: ]
	[image: ]
	[image: ]
	[image: ]

	to
	[image: ]
	[image: ]
	[image: ]
	[image: ]
	[image: ]

	

(meV)
	41
	26
	17
	33
	11



	Flip
	T-F
	DPP-TT
	DPP-T
	I-T
	T-TT

	from
	[image: ]
	[image: ]
	[image: ]
	[image: ]
	[image: ]

	to
	[image: ]
	[image: ]
	[image: ]
	[image: ]
	[image: ]

	

(meV)
	3
	115
	94
	5
	40




We add/subtract θring and  values associated with each of the [image: ] possible monomer conformations, enabling us to obtain values of [image: ], θmon,i, and γi associated with each possible monomer configuration i of each polymer structure. We approximate monomer length in all configurations as equal to that in the all-trans polymer configuration shown in Table S6.3.
Calculated persistence lengths, using Equations S6.1-3, are shown in Figure S6.8, which shows that DPP-TT-T exhibits a substantially higher persistence length than any other polymer. It should be noted that this is an approximation, ignoring intermolecular interactions and torsional disorder, and as such is expected to overestimate real persistence lengths. This method is instead devised to evaluate relative propensities of different polymers to adopt linear structures.

Figure S6.8 Calculated persistence length for a range of polymer structures, (left) in number of monomer units, and (right) in Angstroms.
[bookmark: _Toc447992371]S6.9 Submonomer Excitations
[image: ]
Figure S6.9 Line Spectra for a range of submonomer units using EOM-CCSD/TZVP.
Figure S6.9 shows that the DPP unit has the lowest energy, highest oscillator strength in the first transition, and highest f1 of all the submonomer units studied (DPP, BT, F, T, 2T, P, TT). For the DPP unit, we were forced to replace the methyl group bonded to the nitrogen atom with a hydrogen in order for EOM-CCSD calculations to converge. We find the symmetry order, energies, and oscillator strengths of EOM-CCSD/TZVP excited states (Figure S6.10, top) to be well reproduced with CAM-B3LYP/6-31+g* (Figure S6.10, centre) for DPP with this substitution. We calculate similar energies and oscillator strengths in DPP with the methyl group (Figure S6.10, bottom), but in this case, our calculation was unable to recognise any symmetry in the molecule.
[image: ]
Figure S6.10 Line Spectra for a DPP unit with methyl group replaced with a hydrogen using (top) EOM-CCSD/TZVP, (middle) CAM-B3LYP/6-31+g*, and (bottom) for a DPP unit including the methyl group using CAM-B3LYP/6-31+g*.
[bookmark: _Toc447992372]S6.10 Orbital Localisation
We analyse the localisation of hole and particle associated with the first transition. Figure S6.11 shows the proportion of the hole and particle associated with the first transition on ‘donor’, ‘acceptor’, and ‘spacer’ units (labelled according to roles they have typically been considered to play in the literature42-44) in co-oligomers.
In all BT based copolymers, and in isoindigo based polymers reported elsewhere45, at least 25% of an electron shifts from donor to acceptor units on excitation to the first excited state. In DPP-TT-T, contrastingly, the DPP unit makes a very similar contribution to both orbitals. Calculations on DPP copolymerised with other donor units also show this unit not to act as an acceptor 45.
(a)

(b)

Figure S6.11 (a) Proportion of the hole (H) and particle (P) associated with the first transition on ‘donor’ (T, TT, CPDT, Si-CPDT), ‘acceptor’ (DPP, BT), and ‘spacer’ (F, CZ), and (b) push-pull character, plotted against the normalised transition dipole moment of the first transition, in a range of oligomers of length 120 < Nπ < 165, for a CAM-B3LYP/6-31g* calculation assessed using a Mulliken Population Analysis.
Interestingly, we also find no clear correlation between the push-pull character of the transition and the normalised transition dipole moment of the first transition, μ01/Nπ (see Figure S6.11b), and a similar lack of correlation with overlap of hole and particle orbitals 45.
[bookmark: _Toc447992373]S6.11 Calculated Oscillator Strengths

Table S6.6 Calculated oscillator strengths in the visible range, for oligomers in the all-trans configuration as used in Figure 6a of the manuscript. The oligomer length, n, was chosen such that the number of pi-electrons in the oligomer, Npi, was in the range 140-160. The direction of the transition dipole moment is indicated by the coordinates x, y and z.

	Material
	n
	Npi
	Energy (eV)
	Oscillator strength f
	x
	y
	z

	F-β
	12
	144
	3.304
	12.8251
	0.026
	-12.588
	0

	
	
	
	3.412
	0
	0
	0
	0

	
	
	
	3.55
	1.0949
	0.064
	-3.547
	0

	T
	25
	150
	2.296
	10.406
	0
	13.601
	0

	
	
	
	2.428
	0
	0
	0
	-0.002

	
	
	
	2.591
	0.8989
	0
	3.763
	0

	
	
	
	2.764
	0
	0
	0
	0.026

	
	
	
	2.939
	0.2911
	0
	-2.011
	0

	
	
	
	3.111
	0.0001
	0
	0
	0.04

	
	
	
	3.279
	0.1403
	0
	-1.322
	0

	
	
	
	3.444
	0.0002
	0
	0
	-0.053

	
	
	
	3.581
	0
	0
	0
	0

	
	
	
	3.606
	0.0813
	0
	0
	0

	DPP-TT-T
	4
	144
	1.889
	7.6159
	12.828
	-0.013
	0.002

	
	
	
	2.062
	0
	-0.021
	-0.009
	0.014

	
	
	
	2.234
	0.5956
	3.297
	-0.114
	0.002

	
	
	
	2.335
	0.1005
	1.138
	0.68
	0.005

	
	
	
	2.855
	0.0009
	0.052
	-0.097
	-0.017

	
	
	
	2.986
	0.0007
	0.091
	-0.029
	0.004

	
	
	
	3.055
	0.0135
	0.424
	-0.034
	-0.001

	
	
	
	3.093
	0.4814
	-2.518
	0.112
	0.004

	
	
	
	3.147
	0.2277
	1.718
	0.001
	-0.002

	
	
	
	3.217
	0.0065
	0
	0
	0

	CPDTBT
	7
	154
	1.768
	7.6704
	-13.306
	-0.008
	0

	
	
	
	1.942
	0.0017
	0.016
	-0.189
	0

	
	
	
	2.13
	0.5925
	-3.37
	-0.019
	0

	
	
	
	2.301
	0.0073
	-0.003
	-0.361
	0

	
	
	
	2.435
	0.1237
	1.44
	-0.008
	0

	
	
	
	2.517
	0.0656
	-0.102
	-1.026
	0

	
	
	
	2.818
	0.211
	-1.747
	0.078
	0

	
	
	
	2.857
	0.0046
	0.256
	-0.009
	0

	
	
	
	2.912
	0.002
	-0.161
	0.051
	0

	
	
	
	2.976
	0.0047
	0
	0
	0

	Si-CPDTBT
	7
	154
	1.888
	7.0936
	-12.385
	-0.005
	-0.001

	
	
	
	2.042
	0.0039
	0.003
	-0.277
	-0.026

	
	
	
	2.214
	0.5573
	-3.205
	-0.002
	0.01

	
	
	
	2.378
	0.0188
	-0.013
	-0.568
	-0.007

	
	
	
	2.515
	0.128
	1.441
	-0.034
	-0.009

	
	
	
	2.609
	0.2143
	-0.095
	-1.829
	-0.01

	
	
	
	2.898
	0.1943
	-1.637
	-0.238
	-0.003

	
	
	
	3.006
	0.0018
	0.157
	0.001
	0.002

	
	
	
	3.047
	0.0006
	-0.062
	0.063
	-0.002

	
	
	
	3.083
	0.002
	0
	0
	0

	CDTBT
	4
	144
	2.314
	5.241
	-9.61
	0.284
	0

	
	
	
	2.417
	0.0007
	-0.07
	-0.081
	0

	
	
	
	2.508
	0.2567
	-1.833
	0.905
	0

	
	
	
	2.627
	0.5599
	-2.285
	-1.864
	0

	
	
	
	3.273
	0.7181
	-0.273
	-2.98
	0

	
	
	
	3.331
	0.0409
	0.708
	-0.009
	0

	
	
	
	3.401
	0.863
	-3.059
	-0.999
	0

	
	
	
	3.485
	1.1659
	3.69
	-0.2
	0

	
	
	
	3.573
	0.3915
	-1.915
	0.896
	0

	
	
	
	3.672
	0.0418
	0
	0
	0

	DPP3T
	5
	140
	1.81
	7.6008
	-13.093
	-0.024
	0

	
	
	
	1.989
	0.0008
	-0.009
	0.128
	0

	
	
	
	2.184
	0.6012
	3.352
	0.04
	0

	
	
	
	2.352
	0.0566
	-0.013
	-0.991
	0

	
	
	
	2.453
	0.4421
	1.621
	2.174
	0

	
	
	
	2.923
	0.0002
	-0.004
	0.057
	0

	
	
	
	2.927
	0
	-0.013
	-0.018
	0

	
	
	
	2.987
	0
	0.007
	-0.021
	0

	
	
	
	3.042
	0.0006
	-0.084
	0.027
	0

	
	
	
	3.109
	0.001
	0
	0
	0

	IDTBT
	5
	140
	2.048
	6.5601
	-11.435
	0.014
	-0.022

	
	
	
	2.189
	0.0379
	-0.044
	-0.137
	0.828

	
	
	
	2.334
	0.3773
	-2.568
	-0.016
	0.027

	
	
	
	2.442
	0.0021
	-0.007
	-0.102
	0.157

	
	
	
	2.83
	0.4715
	2.393
	1.008
	-0.247

	
	
	
	3.081
	0.1965
	0.137
	-1.602
	-0.132

	
	
	
	3.115
	0.0046
	0.216
	0.007
	-0.118

	
	
	
	3.163
	0.1009
	-0.901
	0.698
	0.047

	
	
	
	3.172
	0.0242
	-0.05
	-0.548
	-0.096

	
	
	
	3.371
	1.6204
	0
	0
	0





[bookmark: _Toc447992374]Section S7: Resonance Raman Intensity Analysis of C3 in solution
[bookmark: _Toc447992375]S7.1 Determination of Absolute Resonance Raman Cross Sections
In the calculation of the absolute RR cross sections the 1002 cm-1 mode of toluene (9.4 M) was used as an external standard. The intensities of the Raman bands were corrected for the spectral response of the instrument and were determined by peak integration using the trapezoidal rule. In congested spectral regions deconvolution of the bands was performed and the area of the Gaussian peaks was subsequently calculated. The intensities were also corrected for self-absorption according to Equation S7.146:
	
	
	(S7.1)


where c is the concentration of the reference or sample in the material tested and ε is the extinction coefficient of the sample at the reference or sample peak, or laser line wavelength (subscripts r, s and 0 respectively).

Absolute RR cross sections as a function of excitation wavelength were determined using Eq S7.2 only for the high-frequency modes of C3 in chloroform and 1,2-dichlorobenzene, as these were the most intense bands in the spectra47:
	
	
	(S7.2)


In Eq S7.2, is the Raman scattering cross section of mode ν(x), ρ is the depolarization ratio, C is the concentration, and Iv(x) and Ii are the experimentally determined intensities for the mode of interest and the external standard, respectively. The absolute Raman cross section and depolarization ratio for the 1002 cm-1 mode of toluene were previously measured48. The depolarization ratios for the modes of C3 were taken as 1/3.
[bookmark: _Toc447992376]S7.2 Resonance Raman Intensity Analysis (RRIA)
RR intensities are sensitive to the difference between the ground and excited state potential energy surface minima along a normal mode, which gives the characteristic shape of the absorption spectrum. Thus, RRIA was employed to provide insights on the vibronic structure differences in the absorption spectra of HMW and LMW DPP-TT-T. This analysis entails the simultaneous modelling of the electronic absorption spectrum and the excitation-energy-dependent absolute RR cross sections (Raman excitation profile, REP), using expressions from the time-dependent formalism for absorption and Resonance Raman scattering 49. 


The intensity associated with a Raman transition from an initial vibrational state  to a final vibrational state  at incident energy EL is determined by the Raman cross section, σif (in units of area), 
	
	
	(S7.3)


where is the total power of the scattered photon and I is the incident photon flux (photons area-1sec-1). The Raman cross section can be calculated by the following expression derived from second order perturbation theory, where , the Raman polarizabililty, is the central quantity:
	
	
	(S7.4)




In the above equation ES and EL are the scattered and incident photon energies, respectively (in cm-1) and c is the speed of light. In the time-dependent picture the Raman polarizability can be written as a half Fourier transform of the time-dependent overlap between the final vibrational state and the initial vibrational state . The complete expression for the RR cross section for a single dipole-allowed transition is48:
	
	(S7.5)


Here, the magnitude of the transition dipole moment for the electronic transition is given by M (in Å) and  is the energy of the initial vibrational state. Γ is the homogeneous line width of the excited state (in cm-1), and is given by the damping function D(t). In this analysis the homogeneous broadening was taken to be Gaussian (). E00 is the energy difference between the v=0 vibrational state in the ground and excited electronic state and H(E00) is the contribution of inhomogeneous broadening, which corresponds, for example, to the presence of different solvent sites that are static on the time scale of Raman scattering, thus altering E00. The expression   represents the time-dependent overlap of the final state in the scattering process with the initial state propagating under the influence of the excited state Hamiltonian in state j49. The absorption cross section at the same level of approximation is given by Eq. S7.6:

 	 (S7.6)
where is the time-dependent overlap of the initial ground vibrational state with the same state propagating on the excited state j potential energy surface and nr is the solvent index of refraction. 50
In the case where both ground and excited state normal coordinates are identical and harmonic, the multidimensional overlaps  and  can be described by one dimensional overlaps in each normal coordinate. Furthermore, in fundamental Raman scattering, where the final state differs from the initial state only in one coordinate, the multidimensional overlaps  can be decomposed into  for the Raman active mode and  that refers to all other modes.49 (Eq S7.7 and 8) 
	
	
	(S7.7)

	
	
	(S7.8)


In the analysis of the RR spectra of the DPP-TT-T polymer studied here, nine vibrational degrees of freedom are included in the model representing the most intense bands observed in the RR spectra. Explicit expressions have been derived49 for the one-dimensional overlaps, where the dependence on the displacement, Δ (s = Δ2/2), between the ground and excited state potential energy surface minima along each coordinate, is apparent:
	
	
	(S7.9)

	
	
	(S7.10)


The time-dependent overlaps here were calculated using the methodology of Yan and Mukamel51, using a time step of 0.1 fs for a total of 5000 points.
The expressions for the Raman and absorption cross sections described above refer to the case when only a single-allowed transition describes the absorption. However, in the case of DPP-TT-T, such a model was found inadequate to simultaneously reproduce the absorption and Raman excitation profiles of the active modes (see below). Therefore, a model based on two dipole-allowed transitions to two closely-spaced electronic excited states with harmonic ground and excited state potentials was employed. In this case, the transition polarizabilities for each vibrational mode associated with each transition are added and squared to give the Raman cross section and can then be expressed as follows:  
	
	
	(S7.11)



The expressions for the Raman scattering and absorption cross sections were thus modified relative to Eqs. S7.5 and S7.6 above to include the transitions to two optically-accessible excited states (Eqs. S7.12 and S7.13)52. 
	
	
	(S7.12)


Here, i1(t) and i2(t) represent the ground state wavefunction propagating under the influence of the excited state Hamiltonian corresponding to states 1 and 2, respectively.
	
	
	(S7.13)



One can observe that when two states contribute to the Raman scattering, the interference terms in Eq. S7.11, α1α2* and α1*α2, depend on the product of the displacements Δ1Δ2 and the signs of these interference terms depend on the relative signs of the two displacements. The interference effects are expected to be greatest when the two states have comparable transition dipole moments and where there is a large region of overlap between the two transitions.  However, the sign of Δ does not affect the absorption cross section because s is a function of Δ2.
		
[bookmark: _Toc447992377]S7.3 Results
The resonance Raman spectra of the polymers studied in 1,2-dichlorobenzene and chloroform with excitation at 683 and 737 nm are presented in Figures S7.1 and S7.2. Normal mode calculations for both linear (“trans”) and curved (“cis”) conformations of tetramers using Gaussian37 aided identification of the bands and the assignments are reported in Table S7.1. In this wavelength region features observed are due to resonance enhancement of bands associated with the backbone of the polymer. As this copolymer contains diketopyrrolopyrrole (DPP) and thienothiophene (TT) and thiophene units, the RR spectra are expected to consist of vibrational bands that span the spectra of both DPP and TT-T. Here, bands are observed at 1492 and 1477 cm-1 associated with the backbone of TT and correspond primarily to C=C stretching (C=C on each side of T and C=C stretching of one C=C on each side of DPP, respectively). The bands observed at 1513 and 1371 are assigned to DPP modes, and specifically to C=C s stretching (opposite sides opposite rings) and C-N stretch and C=C s stretch between rings, respectively. The peaks at 1414, 1391 and 1335 cm-1 are assigned to both TT and DPP (C=C stretching in TT and umbrella mode of CH3 in DPP for the former two and N-CH3 stretching in DPP and C-C inter-ring stretching between TT and DPP for the 1335 cm-1 mode). 
It is apparent that the relative intensities of the bands in the spectra of HMW and LMW C3 polymer at the same excitation wavelengths are very similar. However, the relative intensities of both polymers vary distinctively between excitation at 737 nm and 683 nm. This is clearly observed in the average calculated absolute RR cross sections reported in Table S7.2 as a function of excitation wavelength. The different relative intensities of the bands around 1500 cm-1 at the two wavelengths indicate the involvement of different electronic states in the scattering, as the intensities of resonance Raman bands are associated with structural changes involving the particular coordinate upon excitation to a specific electronic excited state,53 as theoretically described above in the dependence of the time-dependent overlaps on the displacement (Eq.S7.8). The relative intensities of the RR spectra at 636 nm, which is on the edge of the absorption band (not presented here) for the two molecular weights and two solvents examined, are very similar to the ones at 683 nm suggesting that the same state is accessed as with 683 nm excitation, but different than with 737 nm excitation. In the spectra at 737 nm the most intense band belongs to the 1492 cm-1 mode, associated with C=C stretching in the thienothiophene unit. Large intensity in the RR spectra indicates a change in the C=C bond lengths, in agreement with a transition from a benzenoid to a quinoidal structure in the excited state, consistent with calculated orbital diagrams of oligomers of DPP-TT-T. Excitation at 683 nm, however, indicates that the 1513 cm-1 band associated with the DPP unit is gaining significant intensity relative to the 1492 cm-1 band, with absolute RR cross sections almost twice as large (Table S7.2). Similar change in relative intensities is observed between the 1371 and 1414 cm-1 bands. The band associated with the DPP unit gains intensity at 683 nm with respect to the band associated with the TT. This suggests that the higher energy state accessed sustains different electron localization in the DPP unit. Observation of the orbital diagrams for the lower energy transition reveals a nodal point at the C=C bond between the pyrrole rings in the DPP unit while large electron density resides on this bond in the case of the higher energy transition. 
[image: ]
Figure S7.1 Resonance Raman spectra of C3 HMW and C3 LMW polymers in 1,2-dichlorobezene with excitation at 683 and 737 nm. Assignment of the bands is indicated according to the part of the monomer they correspond to. Detailed assignments are reported in Table S7.1.
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Figure S7.2 Resonance Raman spectra of C3 HMW and C3 LMW polymers in chloroform with excitation at 683 and 737 nm. Assignment of the bands is indicated according to the part of the monomer they correspond to. Detailed assignments are reported in Table S7.1.
The parameters employed in the RRIA for the case of one and two dipole-allowed transitions for the two polymers and solvents are presented in Tables S.7.3-5. Figures S7.3 and S7.4 present the fit to the absorption and RR cross sections for LMW and HMW C3 polymer in the two solvents including a single dipole-allowed transition in the model. While the fit to the absorption is quite satisfactory, the RR cross sections are overestimated. The largest error is found in the case of the 1492 cm-1, the most intense band in the RR spectra, where the calculated cross section is off by about a factor of 9, while a factor of 2 off the experimental values is found in the case of the other modes. Here we only show the Raman excitation profile for the 1492 cm-1 mode, which is the one that is primarily coupled to the electronic transition. Considering two dipole-allowed transitions in the model produces the fit presented in Figure S7.5, where both the absorption spectra of the two C3 polymers in the two solvents and the REPS are fit simultaneously well. Key to the best fit of the data was the interference between the two transitions, where the opposite sign of the displacements aided in the decrease of the calculated RR cross sections. The necessity for a close by transition in the model strongly suggests the presence of a mixture of conformations in solution, as theoretically the second transition gains oscillator strength only in the cis conformation.  


Table S7.1 Assignment of most prominent DPP-TT-T vibrational bands 
	 (cm-1) 
expt
	 (cm-1) 
calc (trans)
	assignmenta
	(cm-1) 
calc (cis)
	assignmenta

	1327
	1364
	C-N, N-CH3 stretch in DPP, C=C s stretch in TT and C-C inter-ring stretch TT and DPP
	1361
	

	1335
	1376
	N-CH3 stretch in DPP, and C-C inter-ring stretch between TT and DPP on both sides
	1373
	

	1371
	1405
	C-N stretch and C=C s stretch between rings in DPP 
	1408
	

	1391
	1426
	C=C stretch in TT and C-N  stretch and CH3 umbrella mode in DPP
	1426
	

	1414
	1463
	C=C stretch in TT (between rings)  and CH3 umbrella mode in DPP
	1456
	C=C as stretch (one ring) and C-H bend in TT and DPP CH3 umbrella mode

	1477
	1523
	TT C=C  stretch (one C=C on each side of DPP)
	1524
	TT C=C s stretch (opposite sides opposite rings)

	1492
	1534
	TT C=C s stretch (one C=C on each side of T)

	1532
	CH2 δ in CH3 DPP

	1507
	
	
	1534
	TT C=C s stretch (opposite sides opposite rings)

	1513
	1560
	DPP C=C s stretch (opposite sides opposite rings)
	1561
	


as: symmetric, δ: bend





Table S7.2Absolute resonance Raman Cross Sections (σR) for the vibrational modes of DPP-TT-T included in RRIA analysis.
	Transition (cm-1)
	σR(737 nm)
(x10-9 Å2)
	σR(683 nm)
(x10-9 Å2)
	σR(637 nm)
(x10-9 Å2)
	σR(737 nm)
(x10-9 Å2)
	σR(683 nm)
(x10-9 Å2)
	σR(637 nm)
(x10-9 Å2)

	LMW-ODCB
	LMW-CF

	1327
	6.66 ± 0.81
	3.93 ± 0.88
	2.73 ± 1.83
	4.07 ± 0.79
	3.09 ± 1.18
	2.81 ± 1.47

	1335
	18.00 ± 3.28
	4.59 ± 1.18
	6.16 ± 2.46
	15.87 ± 3.55
	3.96 ± 1.50
	6.21 ± 2.57

	1371
	28.94 ± 4.77
	10.03 ± 3.40
	108.510 ± 59.44
	27.65 ± 7.81
	8.50 ± 2.17
	82.08 ± 50.11

	1391
	25.17 ± 4.57
	7.60 ± 2.65
	8.58 ± 1.39
	28.05 ± 6.61
	3.84 ± 0.57
	6.87 ± 1.32

	1414
	33.62 ± 5.90
	10.18 ± 2.45
	24.58 ± 17.26
	34.46 ± 7.01
	4.47 ± 1.40
	16.50 ± 9.62

	1477
	23. 69 ± 5.85
	3.95 ± 1.24
	7.85 ± 0.19
	21.83 ± 5.61
	9.21 ± 1.07
	16.92 ± 6.07

	1492
	49.37 ± 9.10
	10.83 ± 3.15
	32.26 ± 15.43
	40.22 ± 11.22
	5.68 ± 0.66
	22.50 ± 0.21

	1507
	6.12 ± 2.71
	-
	-
	9.49 ± 2.35
	-
	-

	1513
	18.54 ± 6.27
	20.15 ± 6.45
	-
	15.94 ± 4.22
	14.24 ± 0.92
	-

	HMW-ODCB
	HMW-CF

	1327
	17.57 ± 3.51
	4.93 ± 0.28
	2.83 ± 0.35
	12.02 ± 8.87
	4.03 ± 1.78
	6.51 ± 0.92

	1335
	21.54 ± 3.18
	3.24 ± 0.86
	5.99 ± 2.00
	17.28 ± 6.87
	3.85 ± 1.84
	10.00 ± 1.38

	1371
	62.14 ± 15.26
	12.99 ± 2.98
	18.27 ± 8.97
	71.42 ± 10.13
	15.22 ± 4.61
	22.94 ± 9.53

	1391
	52.25 ± 8.60
	11.13 ± 7.63
	-
	66.11 ± 6.69
	11.74 ± 1.64
	-

	1414
	71.19 ± 11.20
	10.31 ± 2.95
	23.78 ± 14.16
	88.90 ± 19.56
	9.25 ± 3.32
	29.54 ± 2.99

	1477
	52.64 ± 11.00
	3.69 ± 2.49
	15.49 ± 8.45
	65.77 ± 12.78
	21.01 ± 8.67
	35.70 ± 5.95

	1492
	81.55 ± 19.65
	18.35 ± 8.27
	28.47 ± 4.03
	84.21 ± 14.68
	12.42 ± 3.32
	40.70 ± 10.99

	1507
	18.86 ± 0.82
	-
	-
	22.86 ± 12.37
	-
	-

	1513
	42.62 ± 15.73
	23.03 ± 10.85
	-
	65.91 ± 5.92
	28.58 ± 5.05
	-



Table S7.3 Parameters employed in the RRIA of the LMW and HMW C3 polymers in solution in the case of a single dipole-allowed transition.
	Transition
	ωg (cm-1)a
	ωe (cm-1)b
	Δkc
	ωg (cm-1)a
	ωe (cm-1)b
	Δkc

	LMW-ODCB
	LMW-CF

	v1
	1327
	1327
	0.10
	1327
	1327
	0.10

	v2
	1335
	1335
	0.20
	1335
	1335
	0.25

	v3
	1371
	1371
	0.40
	1371
	1371
	0.40

	v4
	1391
	1391
	0.30
	1391
	1391
	0.30

	v5
	1414
	1414
	0.40
	1414
	1414
	0.35

	v6
	1477
	1477
	0.30
	1477
	1477
	0.40

	v7
	1492
	1492
	1.05
	1492
	1492
	0.95

	v8
	1507
	1507
	0.20
	1507
	1507
	0.15

	v9
	1513
	1513
	0.40
	1513
	1513
	0.30

	
	
	
	
	
	
	

	Γ (cm-1)
	400
	
	
	390
	
	

	Θd (cm-1)
	300
	
	
	380
	
	

	Ε00(cm1)
	12500
	
	
	12350
	
	

	Μ1(Å)
	3.37
	
	
	3.28
	
	

	HMW-ODCB
	HMW-CF

	v1
	1327
	1327
	0.20
	1327
	1327
	0.20

	v2
	1335
	1335
	0.30
	1335
	1335
	0.30

	v3
	1371
	1371
	0.30
	1371
	1371
	0.30

	v4
	1391
	1391
	0.30
	1391
	1391
	0.30

	v5
	1414
	1414
	0.40
	1414
	1414
	0.35

	v6
	1477
	1477
	0.40
	1477
	1477
	0.30

	v7
	1492
	1300
	0.75
	1492
	1300
	0.75

	v8
	1507
	1507
	0.20
	1507
	1507
	0.20

	v9
	1513
	1513
	0.30
	1513
	1513
	0.27

	
	
	
	
	
	
	

	Γ (cm-1)
	300
	
	
	300
	
	

	Θ (cm-1)
	475
	
	
	475
	
	

	Ε00(cm1)
	12500
	
	
	12400
	
	

	Μ1(Å)
	3.45
	
	
	3.32
	
	


aground state frequency
bexcited state frequency
cnon-dimensional displacement between the ground and excited potential wells
dstandard deviation of inhomogeneous broadening

Table S7.4 Parameters employed in the RRIA of the LMW and HMW C3 polymers in 1,2-dichlorobenzene in the case of two dipole-allowed transitions.
	Transition
	ωg (cm-1)a
	ωe (cm-1)b
	Δkc
	ωg (cm-1)a
	ωe (cm-1)b
	Δkc

	LMW-ODCB-1
	LMW-ODCB-2

	v1
	1327
	1327
	0.06
	1327
	1327
	0.06

	v2
	1335
	1335
	0.13
	1335
	1335
	-0.1

	v3
	1371
	1371
	0.26
	1371
	1371
	-0.1

	v4
	1391
	1391
	0.30
	1391
	1391
	-0.25

	v5
	1414
	1414
	0.36
	1414
	1414
	-0.30

	v6
	1477
	1477
	0.28
	1477
	1477
	-0.20

	v7
	1492
	1492
	0.56
	1492
	1300
	-0.55

	v8
	1507
	1507
	0.21
	1507
	1507
	-0.25

	v9
	1513
	1513
	0.38
	1513
	1513
	-0.32

	
	
	
	
	
	
	

	Γ (cm-1)
	350
	
	
	350
	
	

	Θ (cm-1)
	300
	
	
	300
	
	

	Ε00(cm1)
	12550
	
	
	13850
	
	

	Μ1(Å)
	2.53
	
	
	1.74
	
	

	HMW-ODCB-1
	HMW-ODCB-2

	v1
	1327
	1327
	0.075
	1327
	1327
	0.06

	v2
	1335
	1335
	0.16
	1335
	1335
	-0.10

	v3
	1371
	1371
	0.23
	1371
	1371
	-0.10

	v4
	1391
	1391
	0.23
	1391
	1391
	-0.10

	v5
	1414
	1414
	0.26
	1414
	1414
	-0.10

	v6
	1477
	1477
	0.25
	1477
	1477
	-0.15

	v7
	1492
	1300
	0.45
	1492
	1300
	-0.50

	v8
	1507
	1507
	0.068
	1507
	1507
	0.068

	v9
	1513
	1513
	0.34
	1513
	1513
	-0.38

	
	
	
	
	
	
	

	Γ (cm-1)
	350
	
	
	350
	
	

	Θ (cm-1)
	350
	
	
	350
	
	

	Ε00(cm1)
	12400
	
	
	13700
	
	

	Μ1(Å)
	2.80
	
	
	1.78
	
	


aground state frequency
bexcited state frequency
cnon-dimensional displacement between the ground and excited potential wells



Table S7.5 Parameters employed in the Resonance Raman Intensity Analysis of the LMW and HMW C3 polymers in chloroform in the case of two dipole-allowed transitions.
	Transition
	ωg (cm-1)a
	ωe (cm-1)b
	Δkc
	ωg (cm-1)a
	ωe (cm-1)b
	Δkc

	LMW-CF-1
	LMW-CF-2

	v1
	1327
	1327
	0.03
	1327
	1327
	0.04

	v2
	1335
	1335
	0.145
	1335
	1335
	-0.06

	v3
	1371
	1371
	0.21
	1371
	1371
	-0.10

	v4
	1391
	1391
	0.21
	1391
	1391
	-0.10

	v5
	1414
	1414
	0.29
	1414
	1414
	-0.21

	v6
	1477
	1477
	0.25
	1477
	1477
	-0.18

	v7
	1492
	1492
	0.35
	1492
	1300
	-0.28

	v8
	1507
	1507
	0.18
	1507
	1507
	-0.14

	v9
	1513
	1513
	0.245
	1513
	1513
	-0.15

	
	
	
	
	
	
	

	Γ (cm-1)
	300
	
	
	300
	
	

	Θ (cm-1)
	450
	
	
	450
	
	

	Ε00(cm1)
	12400
	
	
	13700
	
	

	Μ1(Å)
	2.38
	
	
	1.75
	
	

	HMW-CF-1
	HMW-CF-2

	v1
	1327
	1327
	0.06
	1327
	1327
	0.05

	v2
	1335
	1335
	0.165
	1335
	1335
	-0.20

	v3
	1371
	1371
	0.255
	1371
	1371
	-0.18

	v4
	1391
	1391
	0.23
	1391
	1391
	-0.10

	v5
	1414
	1414
	0.27
	1414
	1414
	-0.11

	v6
	1477
	1477
	0.25
	1477
	1477
	-0.15

	v7
	1492
	1300
	0.42
	1492
	1300
	-0.50

	v8
	1507
	1507
	0.07
	1507
	1507
	0.10

	v9
	1513
	1513
	0.35
	1513
	1513
	-0.37

	
	
	
	
	
	
	

	Γ (cm-1)
	350
	
	
	350
	
	

	Θ (cm-1)
	350
	
	
	350
	
	

	Ε00(cm1)
	12300
	
	
	13600
	
	

	Μ1(Å)
	2.79
	
	
	1.70
	
	


aground state frequency
bexcited state frequency
cnon-dimensional displacement between the ground and excited potential wells
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Figure S7.3 Experimental (solid black line) and calculated (dashed red line) absorption cross sections of C3 LMW and HMW polymers in 1,2-dichlorobenzene (upper plots) and chloroform (lower plots) when one dipole-allowed transition is included in the model. 

[image: ]
Figure S7.4 Experimental (points) and calculated (solid line) Raman excitation profiles for the 1492 cm-1 mode of LMW and HMW C3 polymer in 1,2-dichlorobenzene (upper plots) and chloroform (lower plots) using a single dipole-allowed transition in the RRIA.


[image: ]
Figure S7.5 Experimental (solid black line) and calculated (dashed red line) absorption cross sections of LMW and HMW C3 polymers in 1,2-dichlorobenzene (upper plots) and chloroform (lower plots). The dashed black and blue lines represent the absorption spectra for the two transitions that contribute to the overall absorption band.
[image: ]
Figure S8.6 Experimental (points) and calculated (solid line) Raman excitation profiles for the 1492 cm-1 mode of LMW and HMW C3 polymer in 1,2-dichlorobenzene (upper plots) and chloroform (lower plots) using two dipole-allowed transitions in the RRIA.
[bookmark: _Toc447992378]Section S8: Sum rule in Solids
The equivalent Thomas-Reiche-Kuhn sum rule for a solid can be expressed in terms of the density of electrons, N, contributing to the optical properties over a finite frequency range 54:
	
	

	(S8.1)

	 Or alternatively,
	
	

	
	

	(S8.2)


Effectively, Equation S8.2 represents the integrated oscillator strength in solids. For tetravalent crystals, such as silicon, f tends to 4 when c (see Figure 6 in the main text). In conjugated molecules, where each carbon atom contributes one electron to the * transition (in the visible range), f is expected to tend to 1. Figure S8.1 compares the dielectric function of different organic and inorganic semiconductors, while Figure 6 in the main text summarizes the sum rule for these materials.
[image: Figure SI-VASE4.jpg]
Figure S8.1 Imaginary part of the dielectric function for several polymer semiconductors showing a maximum value around 4 (a) and comparison between organic and inorganic semiconductors (b).
Equation S8.2 can also be used to evaluate where the oscillator strength that enhances the absorption of DPP-TT-T comes from. Figure S8.2 shows f as a function of energy (a) and integrated (b) for different molecular weights. These data suggest that some of the oscillator strength is transferred from UV regions towards the visible transitions. 
[image: ]
Figure S8.2 f as a function of energy (top) and integrated (bottom) for DPP-TT-T C3-84 and C3-16.


[bookmark: _Toc447992379]Section S9: Further Materials
[bookmark: _Toc447992380]S9.1 Materials
The absorption of two further polymers were investigated: multiple molecular weight fractions of IDTBT were synthesised by Hugo Bronstein while a member of Iain McCulloch’s group at Imperial College; DPP3T was purchased from Solarmer. The chemical structures of the materials are shown in Figure S9.1, and the corresponding molecular weight information is in Table S9.1.

[image: ][image: ]
Figure S9.1 Chemical structures of (a) indacenodithiophene-co-benzothiadiazole (IDTBT)  and (b) diketopyrrolopyrrole-terthiophene (DPP3T).

Table S9.1 Molecular weight information of materials studied.
	Material
	Mn (kg mol-1)
	Mw (kg mol-1)
	PDI

	IDTBT LMW
	52
	151
	2.9

	IDTBT MMW
	144
	346
	2.4

	IDTBT HMW
	459
	551
	1.2

	DPP3T
	151
	484
	3.2



[bookmark: _Toc447992381]S9.2 Solution ultraviolet-visible spectroscopy
The solution absorption of the materials described in Section S9.1 were measured in 1,2-dichlorobenzene, and the resulting spectra were normalised per mole of π-electron, determined the same way as above (Section S6.2), in order to compare between chemical structures (Figure S9.2). Minimal differences were observed between different molecular weights of IDTBT.

[image: ]
Figure S9.2 Solution ultraviolet-visible absorption spectra of DPP3T (green) and IDTBT (red); solutions were 5 μg ml-1 in 1,2-dichlorobenzene. All data were normalised per mole of π-electron. Multiple molecular weight fractions were available for IDTBT: the lower molecular weights are represented by lighter colours. For reference, the analogous data of high molecular weight DPP-TT-T C3 (C3-99) (dark blue) is shown.

[bookmark: _Toc447992382]S9.3 Ellipsometry data
Thin films of pristine DPP3T and three molecular weights of IDTBT were prepared on spectrosil and silicon substrates. VASE analysis was performed as described in Section S4 and the resulting data are presented in Figures S9.3 and S9.4. Figure S9.3 shows data for comparably thin films (30-50 nm), and a weak dependence of the maximum κ on molecular weight is observed in the case of IDTBT. For each material multiple films with different thicknesses were analysed; DPP3T showed no dependence of the complex refractive index on film thickness, whereas a significant degree of variation was observed in higher molecular weight IDTBT films (Figure S9.4).
In light of the thickness dependence of the IDTBT complex refractive index and previous work showing anisotropy in a very similar material55, an attempt to fit the ellipsometry data using an anisotropic model was attempted. The resulting fits were not an improvement on the data fit using an isotropic model for the thin films, and a possible moderate improvement was observed for the thick films which does not affect the trend of the data shown in Figure S9.3. 
[image: ]
Figure S9.3 VASE-derived complex refractive index data for IDTBT films (red) and DPP3T (green). In the case of IDTBT, multiple molecular weight fractions were available: low MW (light purple), medium MW (purple) and high MW (dark purple). The data shown here correspond to thin films (30-50nm).






[image: ]Figure S9.4 Thickness dependence of the VASE-derived complex refractive index for IDTBT high (a), medium (b) and low (c) molecular weight films. In every case the thinnest film is represented by black lines, and the thickest by red lines. For the case of low MW IDTBT, an intermediate thickness is shown by a green line.

[bookmark: _Toc447992383]Section S10: Effect of absorption coefficient on solar cell performance

The photocurrent produced by a solar cell is a function of both optical and electrical factors; while thicker films allow absorption of more light, the efficiency of carrier collection in thick films decreases due to recombination during transit. Therefore, the optimum thickness for a solar cell is a compromise involving the optical absorption coefficient as well as the charge carrier lifetime and mobility.
We represent the effects of this compromise using a simple analytical model of the solar cell. Using an approach similar to the Hecht equation56,57 we assume drift dominated photocurrent (which is typically valid for organic solar cells on account of their low thickness and high built-in bias) and first order charge carrier recombination. Solving the continuity equation for one carrier type at steady state, and assuming uniform generation and neglecting reflection losses or parasitic absorption, we find the photocurrent external quantum efficiency
	
	
	(S10.1)


where  represents the absorption coefficient at the incident wavelength, d the active layer thickness and Ldr the drift length16 which at short circuit is given by:
	
	
	(S10.2)


where μ is the charge carrier mobility, τ is the charge carrier lifetime and Vbi is the built-in voltage. We use the simple model to investigate the effect of absorption coefficient on photocurrent generation.
In the case of ideal collection (Ldr >> ), when layers are optically thick the effect of an enhancement in  of a factor of X results in an enhancement of less than X in EQE, and that this enhancement decreases toward unity as thickness is increased (see Figure S10.1a). However in the case of organic solar cells, where typical values for lifetimes (as measured in transient recombination experiments) are 10-6 seconds, mobilities 10-8 m2/Vs, Vbi  1V and d  100 nm, and maximum absorption coefficient is less than 105 cm-1, the collection depth is 10-7 m which is similar to the absorption depth only at peak absorption, and smaller than 1/ everywhere else (see Figure 4b, and reproduced here for convenience in Figure S10.1b). In these conditions an increase in  is expected to cause a substantial increase in the maximum available photocurrent, which tends towards a proportionate effect on the photocurrent when (Ldr << ). For the typical values given above, an enhancement of 1.5 in  leads to an enhancement of a factor of 1.2 in the maximum EQE.
[image: ]The increase in EQE may be larger than expected from the simple model when the change in absorption coefficient is accompanied by a change in electrical quality. Figure S10.1b also illustrates the case when, in collection limited devices, higher absorption is accompanied by better collection (improved ). The enhancement in maximum photocurrent is greater than expected from the enhancement in α. Therefore, enhancement in absorption coefficient impacts solar cell performance especially when charge collection efficiency is limited and its effect will be enhanced by any synergy between absorption coefficient and collection efficiency.
[image: ]
  
Figure S10.1 Simple model of photocurrent external quantum efficiency as a function of thickness, calculated assuming drift-dominated current and first order carrier recombination. (a) The case of standard (α = 1.6 x105 cm-1, light blue line) and enhanced (α = 2.4  105 cm-1, dark blue line) absorption when collection length is infinite. (b) The effect of absorption and mobility-lifetime product when carrier collection is limited: for the cases of standard absorption and standard carrier collection (α = 1.6 x105 cm-1,  = 10-14 m2 V-1) (light blue line), enhanced absorption and standard carrier collection (α = 2.4  105 cm-1,  = 10-14 m2 V-1) (medium blue), and enhanced absorption and enhanced carrier collection (α = 2.4  105 cm-1,  = 2  10-14 m2 V-1) (dark blue).  
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