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Abstract 

Oligomeric thiophenes are commonly-used components in organic electronics and solar 

cells. These molecules stack and/or aggregate readily under the processing conditions 

used to form thin films for these applications, significantly altering their optical and 

charge-transport properties. To determine how these effects depend on the substitution 

pattern of the thiophene main chains, nano-aggregates of t!Iree sexi-thiophene (6T) 

oligomers having different alkyl substitution patterns were formed using solvent 

poisoning techniques and studied using steady-state and time-resolved emission 

spectroscopy. The results indicate the substantial role played by the side-chain 

substituents in determining the emissive properties of these species. Both the measured 

spectral changes and their dependence on substitution are well modeled by combined 

quantum chemistry and molecular dynamics simulations. The simulations connect the 

side-chain-induced disorder, which determines the favorable chain packing 

configurations within the aggregates, with their measured electronic spectra. 

*corresponding author: peteanu@cmu.edu 

t majing@nju.edu.cn 
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Introduction 

it-conjugated materials have garnered significant attention as the main component 

of organic electronics and solar cells. hnportant members of this class are alkyl

substituted poly-thiophenes and thiophene oligomers. In the production of organic 

electronic devices, these materials are cast from a highly-concentrated solution into a thin 

film. Because the chain conformation and the degree of aggregation of these materials in: 

the precursor solution directly influence the film properties, studies of aggregation in 

solution are directly relevant to understanding thin-film characteristics. 1
-
4 The focus of 

the current study, oligomeric thiophenes, not only serve as models for the polymer form 

but are themselves used as the active component in organic field-effect transistors.5
-
8 

Numerous studies have focused on the photo-physics of this class of materials in 

solution-phase isolated chains,9
-
12 nano-aggregates, 13

-
16 and thin films. 17

-
22 

This contribution explores how side-chain alkyl substituents affect aggregate 

optical and dynamical properties and how these properties can be successfully modeled 

using combined quantum chemistry and molecular dynamics (MD) simulations. In order 

to vary the substituent properties while maintaining the conjugated system at the same 

length, three sexi-thiophenes (6T) (Chart 1) are compared. 

Several aspects of the electronic spectroscopy of thiophene nano-aggregates are 

typically explained by the exciton coupling model.23
• 

24 Considering a minimal 

aggregate structure consisting of two coupled molecules, two classifications are possible 

based on whether the lower energy excitonic state results from the constructive (J

aggregate) or destructive (H-aggregate) combination of the two molecular transition 

moments. In the limit of strong coupling, the spectral consequences are red-shifted 

absorption and strong emission for J-aggregates and blue-shifted absorption with weak 

emission for H-aggregates. Extensions of this basic model,25
-
28 have been used to 

interpret the spectroscopy of aggregates of oligomeric thiophenes13
· 

18 and the polymer 

poly-3hexylthiophene (P3HT).29
-
31 
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In this contribution, the effects of aggregation on the spectra and dynamics of 

three oligomeric thiophenes nano-aggregates (Chart 1) having distinct side-chain 

substitution patterns are explored. The solvent re-precipitation process used produces 

two types of aggregates: one similar to previously-reported oligothiophene H

aggregates17' 19· 21 ' 22 and a second that is not readily classified within the basic exciton

coupling model. In addition, the impact of changing the alkyl-group substitution patterns 

on aggregate properties is explored both experimentally and through combined quantum 

chemistry and molecular dynamics simulations. 

Methods 

Solutions (1-5 µM) of all three oligomers in their monomeric forms were 

prepared in tetrahydrofuran (THF) by weighing out the amount needed to make the 

solution without serial dilution. Various aliquots of the THF solutions were added to 1 

ml of de-ionized water to induce aggregation. Each solution was characterized via 

absorption and emission spectroscopies and by dynamic light scattering (DLS). For all 

three oligomers, the mean diameters ( d) of the aggregates decreased with decreasing 

THF:water ratios (SI fig. 1). The highest values were in the range 600-1500 nm while the 

lowest ranged from 100-200 nm. Wavelength-resolved fluorescence lifetime decays 

(bandpass ±5 nm unless otherwise noted) were measured using a home-built spectrometer 

with excitation by a diode laser at 440 nm or 37 5 nm and detection using time correlated 

single photon counting (TCSPC, Picoquant 300) and a SPAD (MPD).32 The effective 

time resolution is 200 ps. Higher time resolution (- 100 fs) fluorescence decays were 

measured using fluorescence upconversion.33 

The computational studies were performed utilizing two kinds of solvent models, 

implicit and explicit. The solvent effects on electronic structures were described by using 

the continuum dielectric model through quantum chemical calculations. Geometry 

optimization and frequency calculations were carried out to search for the optimized 

structures at the ground state So at the density functional theory (DPT) level. To model 

the THF and water solvent molecules, the polarizable continuum model (PCM)34 was 
3 
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used with E=7.43 and 78.36, respectively, in geometry optimizations. Time dependent 

density functional theory (TDDFT) was employed to calculate the absorption and 

emission spectra of monomers. Molecular structures of the first excited state were 

optimized at time-dependent DFT (TDDFT) level from starting geometries in the ground 

state. The excitation energies were calculated at TDDFT level in the ground-state 

geometries to simulate the absorption spectra. The emission spectra were simulated from 

the excitation energies at geometries in the first excited state by TDDFT calculations. In 

all DFT and TDDFT calculations the B3LYP functionai3540 was used with the 6-310* or 

6-31+0* basis set as implemented in Gaussian 09 package.41 

Molecular dynamics (MD) simulations with hundreds of discrete solvent 

molecules were employed to investigate the aggregate configurations in THF:water 

(0.1:1) solutions. The oligothiophene aggregates were simulated in a cubic box (with the 

periodic boundary condition), containing 20 oligothiophene chains, 50 tetrahydrofuran 

and 450 water molecules. MD simulations were performed in the canonical (NVT) 

ensemble with the polymer consistent force field (PCFF).42 This force field has been 

successfully used to calculate the packing conformations of oligothiophenes in the 

amorphous phase,43
·
44 in various solutions,45

•
46 and on an Ag(lll) surface.47

•
48 In order 

to reproduce the experimental conditions, we used a temperature of 298 K which was 

controlled by an Andersen 49 thermostat. The equations of motion were integrated by the 

velocity Verlet50
• 

51 method with the time step of l fs. The 1 ns MD trajectories were 

collected after the equilibrium stage at 100 fs intervals. All dynamics simulations were 

performed in the Materials Studio program. 52 

Results and Discussion 

Upon aggregation, the absorption maximum (Aabs ) of a-sexithiophene (a6T) 

shifts from 440 nm to higher energy (Aabs =364 nm, +4745 cm-1 shift), as expected for 

strongly-coupled H-aggregates, and the spectral shape is radically altered (fig. 1). The 

asymmetrical band of the aggregate results from the overlap of at least three unique types 

of emitters as is demonstrated via the fluorescence excitation measurements described 

below. At relatively low percentages of water (i.e. 1:1and0.8:1 THF:water, fig. 2 and SI 
4 
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fig. 2), the emission maxima (A-em) of the aggregate (456 nm and 482 nm) and monomer 

(506 and 540 nm) overlap. As the water percentage increases, only the aggregate bands 

are visible (fig. 2). The two vibronic bands of the aggregate have similar spacing (1200 

cm-1
) as in the monomer but are more nearly equal in intensity. 

In addition to this relatively intense higher-energy band, extremely weak emission 

is observed in the 550-700 nm region (fig. 3). This red-shifted emission band appears in 

the same spectral region as that observed for a6T thin films53 and corresponds well with 

that predicted for strongly-coupled H-aggregates.28 However the blue-shifted aggregate 

emission has not been previously reported, to our knowledge. In principle, both the red

and blue-shifted emission could arise from a single aggregate type (same ground-state 

structure) or from different aggregate types presumably with different packing structures. 

The fluorescence excitation spectra described next support the latter interpretation. 

Excitation spectra obtained by collecting at the emission maxima of the 'blue

emitting' (A.em of 455 and 484 nm) and 'red-emitting' (A.em= 592 nm) nano-aggregates of 

a6T are shown overlaid with the monomer and aggregate absorption spectra in fig. 4. 

The excitation spectrum of the 'red-emitting' aggregate overlays the sharp absorption 

transition at A-abs - 360 nm. The excitation spectrum of the 'blue-emitting' aggregate is 

relatively broad (excitation spectrum maximum (A-exc) - 380 nm) and overlays the 

asymmetrical tail of the aggregate absorption. Both excitation spectra also contain 

emission due to residual monomer that decreases as the percentage of water is increased. 

These spectra demonstrate that the asymmetrical absorption band shape of the a6T 

aggregates results from at least two spectrally-distinct aggregate bands with some 

contribution from residual monomer. These arise from two distinct ground-state 

aggregate structures. 

The excited-state dynamics of the 'blue-emitting' species were probed at ps and fs 

resolution using an excitation wavelength of 370 nm. In aggregates that show unusual 

vibronic patterns (> 0.5:1 THF:water), the emission lifetimes collected at the 507, 540, 

and 587 nm vibronic bands are intermediate between those of the monomer and of the 

aggregate (Table 1 and fig. 5). At the highest percentage of water(< 0.5:1 THF:water), 

5 
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the lifetime is -350 ps and independent of collection wavelength (fig. 5). From these 

trends, we conclude that the anomalous vibronic structure of the aggregates seen at low 

percentages of water (i.e. 1: 1 THF:water, fig. 2) is due to the co-existence of monomeric 

and aggregated chains in the solution. Notably, though the lifetime of the blue-emitting 

aggregate is only a factor of two shorter than the monomer, it is over an order of 

magnitude less emissive. One way to rationalize this discrepancy would be if there were 

additional sub-picosecond decay components not observable in the TCSPC data. 

However, no additional short-time decay components were observed at higher time 

resolution (fig. 6). We will return to this point later. 

The additional alkyl side chains at the terminal positions in a, ro hexyl-6T (H6T, 

Chart 1) do not appreciably alter the spectrum or fluorescence lifetime (0.92-0.98 ns with 

90-99% amplitude as measured by TCSPC, Table 2) of the monomer relative to a6T in 

the 500-600 nm region. However, an additional peak at 465 nm is observed (fig. 7) that 

could not be eliminated via dilution, sonication, drying the THF, or heating the sample. 

It is assigned to the aggregate because it increases in intensity, relative to the vibronic 

bands in the 500-600 nm region, with increased concentration (SI fig. 3). It also 

coincides with a band that appears when H6T is deliberately aggregated (see below) and 

it has a shorter lifetime (0.44 ns, 80% amplitude) than do the lower-energy vibronic 

bands (0.95 ns, 95% amplitude, fig. 8). Moreover, the fluorescence excitation spectrum 

of this band is somewhat blue-shifted from those collected at the lower-energy monomer 

emission bands (SI fig. 4 ). 

As was seen for a6T, adding water to H6T in THF results in decreased emission 

in the monomer region (500-600 nm) and increased fluorescence at shorter wavelengths 

(fig. 7). At higher water percentages, the spectrum contains features indicative of both 

the monomer and the aggregate (see fig 7, 2:1 THF:water). Under these conditions, the 

emission lifetime increases with increasing collection wavelength (fig. 8), suggesting that 

the spectrum arises from a mixture of both monomeric and aggregated emitters. At the 

highest percentage of water examined (fig. 7, 0.5:1 THF:water), no emission is seen in 

the monomer spectral region and the lifetime is 250 ps independent of collection 

6 
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wavelength (fig. 8 and Table 2). Similar dynamics are seen at higher time resolution 

(fig. 9). 

The fluorescence spectrum of H6T nano-aggregates is very similar to that of the 

a6T aggregates (compare figs. 3 and 10). The most intense emission is in the region 

450-500 nm or blue-shifted relative to the main monomer transitions (510 and 560 nm). 

Despite this similarity, the intensity of the 'blue-emitting' aggregate emission relative to 

the monomer is significantly higher in H6T than in a6T (compare figs. 2 and 7). In 

addition, there is very weak shoulder at lower energy (fig. 10, Aem - 650 nm). The 

excitation spectrum obtained by collecting at 465 nm is blue shifted (A-exc = 400 nm, fig. 

11) relative to the monomer but less so than is the corresponding band in a6T (Aexc 

=-380 nm, compare fig. 4 and 11). In addition, the excitation spectrum of H6T collected 

at 640 nm (fig. 11) contains a peak similar to that seen in the absorption/excitation 

spectra of. a6T (compare fig. 11 to fig. 4 ). Consistent with this, excitation at 360 nm 

produces weak emission on the low-energy side of the main aggregate fluorescence 

spectrum ('red-emitting' aggregate) similar to that observed for a6T ,(compare figs. 3 and 

10). Unfortunately, the 360 nm peak is poorly resolved in the absorption spectrum of 

aggregated H6T (fig. 11). 

The behavior of didodecyl-sexithiophene (D6T) upon addition of poor solvent is 

qualitatively different from that described earlier for a6T and H6T. Though aggregation 

is clearly evident via DLS (SI fig. 1), the emission spectra are unchanged even at 90% 

water. This is similar to the findings of Ref. 15 in which. a hexyl-substituted oligomer 

was studied. Moreover, the emission yields (fig. 12) and lifetimes of the D6T aggregates 

are similar to those of the monomer (0.97 ns versus 0.88 ns for the aggregates versus the 

monomer, data not shown) all at but the highest water percentages. At - 90% water, the 

quantum yield decreases by -25% (fig. 12) and an additional shorter decay component 

( -200 ps, 20% amplitude, data not shown) is observed. This_ suggests that the drop in 

yield at the highest water percentages is- due to the creation of an additional non-radiative 

channel. 

7 
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Overall, the foregoing data demonstrate that the alkyl chain substitution pattern in 

6T significantly affects its emission properties on aggregation. This is presumably due to 

differences in the favorable chain packing geometries between the three oligomers. The 

spectral and dynamical properties of a6T and H6T aggregates are the most similar with 

the important distinction that the emission of a6T is much more strongly quenched. The 

absence of spectral shifts in D6T upon aggregation suggests that side-chain substituents 

disfavor the formation of strongly-coupled aggregates, at least in solution-aggregated 

short oligomers.15 Moreover, under our conditions, a blue-emitting aggregate is formed 

in a6T and H6T that, to our knowledge, has not been previously reported. In H6T, this 

aggregate gives rise to significant fluorescence intensity. Below, we elaborate upon each 

of these observations. 

Regarding the spectral and structural properties of a6T and H6T nano-aggregates, 

the 'red-emitting' form most resembles the predominant species formed via vapor 

deposition or in thin films and that has been discussed in the literature.17 Its spectral 

properties are consistent with those predicted for strongly-coupled H-aggregates.24
• 

27
• 

28 

The chains in thiophene H-aggregates are expected to be closely stacked (inter-chain 

spacing < 5 A) and to adopt herringbone54 or possibly co-facial packing. In contrast, the 

spectral and dynamical properties of the 'blue-emitting aggregates' are more consistent 

with weakly-coupled highly-disordered chains. Specifically, the fact that these 

aggregates absorb and emit at higher energy than the monomer suggests that their 

constituent chains are less planar and therefore have a shorter effective conjugation 

length (ECL) than the free monomer. Considering the known evolution in the positions 

of the absorption and emission spectra of oligothiophenes, the spectral features of the 

'blue-emitting' aggregate are consistent with an ECL of - 4 thiophene rings.43
• 

44 

Moreover, the emission lifetime of thiophenes is known to be reduced from 0.9 to 0.35 

when the conjugation length is decreased from 6 to 4 rings. 12 This mimics the reduction 

in lifetime between the monomer and the 'blue-emitting' aggregates that we report here 

(Tables 1 and 2). 
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Though the 'blue-emitting' aggregates formed by H6T and a6T are spectrally 

quite similar, they have significantly different emission efficiencies. The H6T aggregates 

are only a factor of -4 less fluorescent than the monomer (fig. 7) while the a6T 

aggregates are over an order of magnitude less emissive than monomeric a6T (fig. 2). 

This striking difference in yields is seen despite the fact that the two 'blue-emitting' 

aggregates have very similar lifetimes. This is contrary to expectation if we assume that 

the radiative rates of the a6T and H6T aggregates are similar (as are those of the 

monomer). If so, the emission yield from both a6T and H6T blue-emitting aggregates 

should be comparable. The observed difference would then reflect a higher propensity of 

H6T to form the 'blue-emitting' rather than 'red~emitting' aggregates as compared to that 

of a6T. Consistent with this is the facnhat the emission peaks associated with the 'red

emitting' aggregate (i.e. the H-aggregate band, fig. 10) are significantly less intense than 

the corresponding features in a6T (fig. 3). The results of TDDFf combined with MD 

simulations, described below, also predict that H6T aggregates formed in solution will be 

more structurally-disordered than a6T aggregates due to the influence of the alkyl side 

chains. Therefore, H6T is less likely than is a6T to achieve the ordered stacking 

characteristic of weakly-emissive H-aggregates. 

The packing conformations of all three aggregates in THF:water solutions were 

studied via a series of MD simulations with a selected snapshot at Ins presented for each 

in fig. 13. In the right-hand column, the THF and water solvent molecules are hidden to 

visualize the aggregates more clearly. The a6T aggregate structure contains more 

extended it-stacked regions than do the other two oligomer aggregates (fig. 13a). We 

note that the preferred stacking motif in nanoparticle aggregates appears to be co-facial 

rather than herringbone as was measured for crystalline a6T.54 To determine the length 

of n--conjugation path in the a6T aggregates, the ECL was estimated from the number of 

thiophene rings in a successively coplanar n--conjugated backbone (SI fig. 5). The spectra 

were then calculated as the weighted average of TDDFf excitation energies in the ECL 

population from statistical analysis. TDDFf calculations on the most populated 

configuration averaged from MD trajectories predict a blue shift of - 70-90 nm in the a6T 
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aggregate absorption spectrum due to breaking of the JZ"-conjugation length upon 

backbone bending and distortion in solution. 

The theoretical description of the H6T system is more complicated than that of 

a6T because there are many possible conformations of H6T with anti or syn alignments 

of the neighboring thiophene rings (see SI figs 6 and 7). Among them, the most stable 

anti-H6T conformer (with all anti conformation) is -4.4 kcal/mol lower in energy than 

that of the syn-H6T conformation (with an all-syn arrangement of thiophene rings). 

Based on the relative energy between these two conformations, the Boltzmann 

distribution yields an anti/syn ratio of -19:1. Figure 13b shows a snapshot from an MD 

simulation of H6T (anti:syn=l9:1) aggregates. The alkyl side chains in H6T make it 

difficult to judge the extent of packing of these aggregates directly from the 3D snapshot. 

Additional detailed information (torsion angle of 6T (a), interchain distance (d), 

inclination angle ( 8) and orientation angle (/3) between two different chains) relevant to 

the packing structures of these aggregates is therefore given (fig. 14). Though the 

structural parameters for H6T and a6T aggregates are similar, one important distinction 

is that the calculated packing density of the a6T aggregates is higher than that of either 

the H6T or D6T aggregates (fig. 13). The stronger chain-chain interactions in a6T that 

are implied by this result help explain both its propensity to form H-aggregates and its 

substantial loss of emission on aggregation ( vide supra). 

In comparison with a6T and H6T aggregates, the weakly-bound D6T chains pack 

in a very disordered fashion. A snapshot of the D6T aggregate simulation (fig. 13c) 

shows that the solvent molecules are evenly distributed within the periodic simulation 

box. In addition, numerous THF and water molecules are present between the D6T . 

chains, implying that this oligomer does not form compact aggregates via solvent 

precipitation. This is consistent with the fact that aggregation is only observed when the 

percentage of water in the solution is very high (>80% ). 

Inter-chain separation distance is the parameter most frequently correlated with 

the degree of electronic coupling between chains and therefore to the magnitude of the 

spectral shifts on aggregation. It is interesting to note that the simulations predict similar 
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values of 5.0-5.5 A for all three oligomer aggregates despite the fact that only a6T and 

H6T exhibit spectral shifts that are consistent with strong inter-chain coupling. This can 

be understood by examining the plots of the orientational angle distribution. Here, the 

peaks at 0 and 180 degrees indicate that the most prevalent structures are those in which 

all 6 rings overlap significantly. This is seen for a6T and, to a lesser degree for H6T. In 

the case of D6T, the majority of the chains stack in a cross-shaped pattern (see also fig. 

13c). As a result, the overall electronic coupling between D6T chains in the aggregate is 

predicted to be weaker than in a6T and H6T, which is consistent with experiment. 

Conclusions 

Both the presence and substitution pattern of alkyl side chains significantly 

influence the electronic spectra and emission yields of sexi-thiophenes aggregated by 

solvent precipitation. These effects can be rationalized via TDDFT calculations on 

structures generated by MD simulations of the solvent-induced aggregation process. Two 

types of aggregates are identified, both with absorption bands that are at higher energies 

than the monomer. One gives rise to weak and highly Stokes shifted emission ('red

emitting aggregate') is assigned as a strongly-coupled H-aggregate based on a qualitative 

comparison with the model predictions of Spano and coworkers. 28 This is the 

predominant species in un-substituted a6T which forms tightly-packed and relatively 

well-ordered aggregate structures according to our MD simulations. A second species 

that shows relatively intense and weakly Stokes-shifted emission ('blue-emitting 

aggregate') is predominant in the H6T aggregate spectra. Our MD results indicate that 

the H6T aggregates are more disordered than a6T aggregates. This also suggests that the 

inter-chain interactions are weaker overall in the 'blue-emitting aggregate' than in the 

'red-emitting aggregate' species. TDDFT calculations on the aggregate structures 

derived from MD suggest that the blue shifts in the aggregate excitation energies arise 

from the balance of two forces- a decrease in the ECL of the chains and an increase in the 

dispersion interaction. An aggregation-induced decrease in ECL is consistent with the 

blue shift of the absorption/emission spectra and the decreased emission lifetime the 

'blue-emitting' a6T and H6T aggregates. Overall, these results demonstrate the 
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predictive power of a combined MD-TDDFf approach in modeling complex and 

disordered solution-phase aggregates of conjugated molecules. 
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Chart 1 Sexithiophene structures used in this work. For a.6T, R1 and Rz are H. For H6T, 

R1 is C6H13 and R2 is H. For D6T, R1 is H and Rz is C12Hzs. 
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Figures 

Fig. 1 Absorption spectra of monomeric and aggregated. a6T. 

Fig. 2 Emission of monomeric and aggregated a6T. The intensities have been scaled by 
the monomer dilution factor in the THF:water mixtures. The monomer spectrum is 
divided by 40 to facilitate comparison. 

Fig. 3 Emission spectrum of a suspension of a6T aggregates exciting at 370 nm. The 
features corresponding to the 'blue-emitting' aggregates lie in the 4SO-SOO nm region. 
The vibronic bands of the 'red-emitting' aggregate spectrum are identified by the arrows. 

Fig 4 Excitation spectra (solid lines) of a6T aggregates formed in THF:water ratios of 
1:1 (left), 0.8 :1 (middle), and O.S:l THF:water (right) color coded by collection 
wavelength. Absorption spectra of a6T monomer (dotted line) and aggregates (dash dot 
line) are also shown. 

Fig S. Fluorescence decays (symbols) and fits (solid lines) for various a6T aggregate 
preparations collected at the vibronic peaks of the emission spectra (± S nm bandpass). 
Emission decays collected at 460 nm and 480 nm (not shown) were identical within 
experimental error. Data was obtained with 37S nm excitation using TCSPC. 

Fig 6 Normalized fluorescence decays and fits for aggregated a6T obtained using 
fluorescence upconversion with 370 nm excitation. Collection wavelengths are shown (± 
Sum). 

Fig. 7 Emission of monomeric and aggregated H6T. All aggregate intensities have been 
scaled by the monomer dilution factor in the corresponding THF:water mixtures. 

Fig. 8 Fluorescence decays (symbols) and fits (solid lines) for the H6T monomer (left) 

and various H6T aggregate preparations collected at the vibronic peaks of the emission 
spectra(± S nm bandpass). Data was obtained with 37S nm excitation using TCSPC. 

Fig. 9 Normalized fluorescence decays and fits for aggregated H6T obtained using 
fluorescence upconversion with 370 nm excitation. Collection wavelengths are shown (± 
Sum). 

Fig 10; Emission spectrum of a suspension of H6T aggregates exciting at 370 nm. The 
features. corresponding to the 'blue-emitting' aggregates lie in the 450-500 nm region. 
The emission region of the 'red-emitting' aggregate is identified by the arrow. 
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Fig 11. . Excitation spectra (solid lines) of H6T aggregates formed in 0.1: 1 THF:water 

color coded by collection wavelength. Absorption spectra of H6T monomer (dashed 

line) and aggregates (dot line) are also shown. 

Fig 12. Emission of monomeric and aggregated D6T. All aggregate intensities have 
been scaled by the monomer dilution factor in the corresponding THF:water mixtures. 

Fig. 13 MD .snapshots of nano-aggregates. Solvent molecules are hidden in the right-hand 
column to show the packing structures. 

Fig. 14 Statistical analysis of the nano-aggregate packing structures from MD trajectories. 
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Fig. 1 Absorption spectra of monomeric and aggregated a6T. 
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Fig. 2 Emission of monomeric and aggregated o:6T. The intensities have been scaled by 

the monomer dilution factor in the THF:water mixtures. The monomer spectrum is 
divided by 40 to facilitate comparison. 
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Fig. 3 Emission spectrum of a suspension of a6T aggregates exciting at 370 nm. The 
features corresponding to the 'blue-emitting' aggregates lie in the 450-500 nm region. 
The vibronic bands of the 'red-emitting' aggregate spectrum are identified by the arrows. 

24 

ACS Paragon Plus Environment 

Page 24of: 



ige 25 of 38 

18 

16 ···.... -457nm 
\ -508nm 

\ =;~~~~ 
.\ 

......... 

Wavelength (nm) 

0.40 

0.35 

0.30 

• 0 

0.25 ~ 

0.20 ~ 
;:1 

0.15 

0.10 

The Journal of Physical Chemistry 

6 

5 
~ 
~ 4 

g 3 

~ 2 
0 , 

;;: 1 

0.50 

0.45 
-455nm 
-4B4nm 0.40 

.0/----~~···· _"\···,\\ :::: ~ l 
... '\.-·- ... 0.10 

·-...;: .... ,_.. -.J 0.05 

o 1----.------.--.,..>.---.---lo.oo 
300 350 400 450 500 550 

Wavelength {nm) 

0,50 

4 -455nm 0·45 

-482nm 0.40 

.. ·····• ........... - 592 nm ~::~ 

'. 
\ 0.25 

\. 0.20 
•. 0.15 

.............. \ ...... _ 0.10 

__ ·_,,···~do.os 
o 1----.----.---r--...,.---10.oo 
300 350 400 450 500 550 

Wavelength (nm) 

Fig 4 Excitation spectra (solid lines) of a6T aggregates formed in THF:water ratios of 1:1 (left), 0.8 :1 (middle), 
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Fig 6 Normalized fluorescence decays and fits for aggregated a6T obtained using 
fluorescence upconversion with 370 nm excitation. Collection wavelengths are shown (± 
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Fig. 7 Emission of monomeric and aggregated H6T. All aggregate intensities have been 
scaled by the monomer dilution factor in the corresponding THF:water mixtures. 
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was obtained with 375 nm excitation using TCSPC. 
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Fig 10. Emission spectrum of a suspension of H6T aggregates exciting at 370 nm. The 
features corresponding to the 'blue-emitting' aggregates lie in the 450-500 nm region. 
The emission region of the 'red-emitting' aggregate is identified by the arrow. 
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Fig 11. Excitation spectra (solid lines) of H6T aggregates formed in 0.1:1 THF:water 

color coded by collection wavelength. Absorption spectra of H6T monomer (dashed 
line) and aggregates (dot line) are also shown. 
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(a) a6T 

(b) HGT (anti:syn 19:1) 

(c) DGT 

Fig. 13 MD snapshots of nano-aggregates. Solvent molecules are hidden in the right-hand 

column to show the packing structures. 
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Fig. 14 Statistical analysis of the nano-aggregate packing structures from MD trajectories. 
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Tables 

Table 1 Fluorescence lifetimes of a6T monomer and THF:water aggregates as a function 
of emission wavelength. 

Table 2 Fluorescence lifetimes of H6T monomer and THF:water aggregates as a 
function of emission wavelength. 
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Table 1: Fluorescence lifetimes of cx6T monomer and THF:water aggregates as a 
function of emission wavelength. 

THF:water 460nma 510um 540nm 580nm 

Monomer 0.94 (99.9) b 0.94 (99.9) 0.94 (99.9) 

0.41 (88) 0.73 (52.5) 0.79 (50.9) 0.93 (89) 

1:1 1.3 (10) 1.17(47) 1.17 (48.8) 1.54 (11.8) 

8.2 (2) 10.4 (0.5) 10.4 (0.3) 11.6 (0.2) 

0.46 (95) 0.54 (55) 0.66 (54) 0.76 (64) 

0.8:1 2.7 (4) 1.2 (44) 1.2 (45) 1.3 (35) 

12 (1) 9.3 (1) 9.7 (1) 9.0 (1) 

0.44 (93) 0.54 (55) 0.76 (64) 

0.5:1 2.4 (5) 1.18 (44) 1.3 (35) 

10.5 (2) 9.3 (1) 9.0 (1) 

a All wavelengths are ± 5 nm. Monomer lifetimes are fit to a double exponential 
function while aggregate decays are fit to a triple exponential function. b The 
approximate percent contribution of each lifetime component is in parenthesis. Data 
was obtained with 375 nm excitation using TCSPC. 
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Table 2: Fluorescence lifetimes of H6T monomer and THF:water aggregates as a function 
of emission wavelength. 

THF:water 470nm a 490-SOOnm SSOnm 605nm 
520-530nm 

0.27 (80) 0.96 (77.2) 0.96 (85) 1.0 (75) 

Monomer 0.92 (18) 0.33 (22.6) 0.35 (15) 0.65 (25) 

7.7 (2) 9.7 (0.2) 9.9 (0.1) 10.8 (0.1) 

0.39 (78) 0.42 (59) d 1.07 (72) 

1.5:1 1.7 (18) 1.2 (39) 0.38 (27) 

11.8 (4) 11.7 (2) 11.1(1) 

0.36 (79) 0.32 (70) e 0.35 (62)! 

1:1 1.5 (18) 1.2 (27) 1.2 (35) 

11.3 (3) 11.0 (3) 11.2 (3) 

a All wavelengths are ± 5 nm. b The approximate percent contribution of each lifetime 

component is in parenthesis. c Collected at 520 nm. d Collected at 500 nm. 'Collected at 
490 nm. f Collected at 530 nm. Data was obtained with 375 nm excitation using 
TCSPC. 
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