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Critical role of H-aggregation for high-efficiency
photoinduced charge generation in pristine
pentamethine cyanine salts†

George C. Fish, a Juan Manuel Moreno-Naranjo,‡a Andreas Billion, b

Daniel Kratzert, b Erwin Hack, c Ingo Krossing, b Frank Nüesch de and
Jacques-E. Moser *a

The mechanism of photoinduced symmetry-breaking charge separation in solid cyanine salts at the base

of organic photovoltaic and optoelectronic devices is still debated. Here, we employ femtosecond

transient absorption spectroscopy (TAS) to monitor the charge transfer processes occurring in thin films

of pristine pentamethine cyanine (Cy5). Oxidized dye species are observed in Cy5-hexafluorophosphate

salts upon photoexcitation, resulting from electron transfer from monomer excited states to

H-aggregates. The charge separation proceeds with a quantum yield of 86%, providing the first direct

proof of high efficiency intrinsic charge generation in organic salt semiconductors. The impact of the

size of weakly coordinating anions on charge separation and transport is studied using TAS alongside

electroabsorption spectroscopy and time-of-flight techniques. The degree of H-aggregation decreases

with increasing anion size, resulting in reduced charge transfer. However, there is little change in carrier

mobility, as despite the interchromophore distance increasing, the decrease in energetic disorder helps

to alleviate the trapping of charges by H-aggregates.

Introduction

Cyanine dyes, and their derivatives, have a long history in the
field of small molecule-based organic photovoltaics (OPV).1 The
beneficial properties of cyanine dyes, such as their high extinc-
tion coefficients (typically exceeding 105 L mol�1 cm�1)2 mean
that they have traditionally been used in planar architecture
devices, generally in combination with fullerene acceptor mate-
rials, with device efficiencies of up to 3.7% being achieved.3

Their aforementioned high extinction coefficients mean that

thin active layers, of around 20 nm thickness, can be employed
allowing them to circumvent issues that typically thwart the
performance of planar architecture devices, such as exciton
recombination before diffusion to the donor acceptor interface
has occurred.4,5

The cyanine dyes used in the OPV field comprise of a
positively charged chromophore paired with a counterion; the
chromophore generally consists of two heterocycles connected
with a polymethine chain, the length of which can be altered to
change the absorption profile of the dye. This has led to new
applications for these dyes, such as in transparent devices, due
to their high absorption in the near infrared and high trans-
parency in the visible.6,7

Furthermore, the counterion can also be easily changed
using ion exchange techniques,8 which allows for a wide variety
of counterions to be employed including weakly coordinating
anions (WCAs).9 While it is not possible for anions to be non-
coordinating, WCAs closely approximate non-coordinating
conditions10,11 and allow for preparation of ionic liquids vir-
tually without ion pairing.12,13 Changing the counterion
impacts upon the thin film properties as well as the device
performance.14,15

Previous work regarding ultrafast processes in cyanine dyes
has tended to focus on the fundamental photophysics of the
cyanine chromophore in solution, such as the triplet state
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characteristics16 and the dynamics of higher lying excited
states.17 The majority of studies pertaining to ultrafast pro-
cesses in cyanine based OPVs have focused on cyanine:C60

bilayers. For example, time-resolved electroabsorption spectro-
scopy has been used to study the dissociation of charge transfer
states in Cy3-P:C60 bilayers.18 Moving away from bilayers,
transient absorption spectroscopy has been employed to study
the impact of phase morphology in cyanine:PCBM blends,
providing a better understanding of charge transfer dynamics
in bulk heterojunction architecture OPVs.19 More recently,
evidence was produced demonstrating that photocurrent gen-
eration can occur in a pristine cyanine thin film, despite the
absence of a donor–acceptor interface.20 Furthermore, the
generated charges exhibited a long carrier lifetime as a result
of reduced recombination, providing potential material design
concepts for future photodiodes. Cyanines have been utilised in
several different photodiode designs, being employed to take
advantage of their narrow band absorption, potential for high
absorption in the near infrared,21 and ability to form
J-aggregates.22–25

Intrinsic photogeneration has also been previously demon-
strated in photodiodes utilising donor–acceptor oligomers,26 as
well as in single layer SubNc, SubPc and squaraine dye-based
devices. Here, the intrinsic charge generation was attributed to
the high dielectric constant, resulting in efficient screening and
therefore allowing free carrier generation.27,28 In comparison,
cyanine dye-based photodiodes have shown substantially
higher photon-to-electron quantum yields20 and could be a
suitable and versatile alternative material to use in single layer
photodiodes. The understanding of the symmetry-breaking
charge separation mechanism, however, is still lacking and
would spur the development of new materials design.

In this work, ultrafast transient absorption spectroscopy was
used to unravel the photoinduced charge transfer mechanism
in pristine pentamethine cyanine dyes, providing the first
direct proof of high efficiency intrinsic charge generation in
organic salt semiconductors. Furthermore, the impact of the
counterion on the charge transfer process was assessed using
four different counterions of varying sizes; the purpose of this
was to vary the degree of interaction between the cyanine
chromophores in the different dyes, and thus study its effect
on the photogeneration of charges.

Finally, electroabsorption spectroscopy and time-of-flight
(TOF) were used to determine the impact of counterion size
on charge transport within the solid dye film.

Experimental section
Sample preparation

The cyanine dyes 2-[3-(1,3-dihydro-1,3,3-trimethyl-2H-indol-2-
ylidene)-propenyl]-1,3,3-trimethyl-3H-indolium chloride (Cy5-
Cl) and its hexafluorophosphate analogue (Cy5-P) were
purchased from FEW Chemicals, Germany. The tetrakis(nona-
fluoro-tert-butoxy)aluminate (Al(pftb4)) and tetrakis(perfluoro-
1-adamantoxy)aluminate (Al(pfad)4) WCA Cy5 salts were

provided by the group of Prof. Ingo Krossing, and their synth-
esis is described in the ESI,† (S1).

The Cy5-Cl and Cy5-P dyes were dissolved in acetonitrile
(Sigma Aldrich), while the two Al WCA salts were dissolved in
ethanol (Sigma Aldrich) in various concentrations. Thin films
were subsequently fabricated by spin coating the solutions onto
cleaned glass substrates inside a glovebox. All chemicals were
used as supplied without further purification.

Samples for electroabsorption (EA) and time-resolved elec-
troabsorption spectroscopy (TREAS) were prepared on glass
patterned with fluorine-doped tin oxide (FTO). Spin coating
aluminium sec-butoxide (0.25 M) in 2-methoxyethanol, calci-
nation at 500 1C for 1 hour, and repeating 3 times yielded the
20 nm aluminium oxide insulating layer. The cyanine dye was
then deposited as mentioned above, followed by thermal
deposition of an aluminium top electrode.

Samples for TOF were also prepared on substrates with
6 layers of alumina atop the FTO patterned glass. The cyanine
dyes were deposited via spin coating at 6000 rpm for 60 s.

Thin film thickness and the optical constants were deter-
mined using both ellipsometry (J. A. Woollam M2000-VI) and
cross-sectional SEM (Zeiss Merlin).

Spectroscopy

Absorption spectra were measured using a PerkinElmer
Lambda 950 UV/vis/NIR spectrophotometer. Emission spectra
were measured using a Horiba Jobin-Yvon Fluorolog-3 instru-
ment with a photomultiplier tube as a detector.

Transient absorption (TA) spectra and electroabsorption
(EA) spectra were measured using a femtosecond pump–probe
spectrometer based on an amplified Ti:sapphire laser (Clark-
MXR, CPA-2001) delivering 778 nm pulses of 150 fs at a 1 kHz
repetition rate. In both cases, the pump beam was generated by
passing a portion of the fundamental through a two-stage non-
collinear optical parametric amplifier (NOPA-Plus, Clark-MXR)
resulting in an excitation wavelength of 580 nm. The probe
beam was constituted by a broadband white light continuum
generated by passing part of the fundamental through a 5 mm-
thick oscillating CaF2 plate (for TA, 450–1050 nm), or through a
4 mm sapphire window (for EA, 400–750 nm). The pump and
probe beams, set at magic angle polarization, were spatially and
temporally overlapped with respect to one another using a delay
stage. For TA measurements, samples were measured in trans-
mission mode while EA measurements were measured in
reflection mode. The probe beam was split into a signal beam
passing through the sample and a reference passing next to it
in order to account for shot-to-shot fluctuations. The signal and
reference beams were dispersed in two respective grating
spectrographs (SpectraPro 2500i, Princeton Instruments or
SR163, Andor Instruments) and detected shot-to-shot at
1 kHz by 512 � 58 pixel back-thinned charge-coupled device
cameras (Hamamatsu S07030-0906). For TA measurements, a
chopper set at 500 Hz modulated the frequency of the pump
beam enabling for the absorption with and without the pump
to be acquired. For EA spectroscopy, the electric field across the
sample was modulated at half the amplifier frequency (500 Hz),
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using square pulses generated by a function generator (Tek-
tronix AFG 2021, from �10 to 10 V, 100 ms pulse duration). The
current responses across the samples were recorded using a
50 O series load with a 400 MHz bandpass oscilloscope (Tek-
tronix TDS 3044B).

Time-of-flight

The excitation source was provided by a Nd:YAG Q-switched
laser (Continuum Powerlite-7030) with a frequency-tripled out-
put (355 nm) and a repetition rate of 0.2–20 Hz. This UV output
was used to pump a broadband optical parametric oscillator
(OPO-355, GWU) allowing for the wavelength of the excitation
pulses (7 ns duration) to be tuned. A 24 V series battery was
used to apply a voltage across the sample, and the samples only
experienced a voltage during the single shot measurement.
10 shots were acquired to minimise the impact of oscillations,
and between each measurement the voltage was switched off
allowing the carriers to return to equilibrium. The photocurrent
response from the samples was recorded using an oscilloscope
(DPO 7104, Tektronix, 1 MO). A capacitor and a variable resistor
box were placed in parallel to the battery in order to adjust the
RC constant of the circuit.

Results and discussion

Femtosecond pump–probe transient absorption (TA) spectro-
scopy measurements were first carried out on a solution and
thin film sample of 1,3,3-trimethyl-2-[5-(1,3,3-trimethyl-1,3-
dihydro-indol-2-ylidene)-penta-1,3-dienyl]-3H-indolium hexa-
fluorophosphate, which will from now on be referred to as
Cy5-P. The structure of the Cy5 chromophore can be seen in
Fig. 1a and the normalized absorption spectra for the solution
and thin film are shown in Fig. 1b. The sharp peak at around
640 nm in the solution spectrum corresponds to the Cy5
monomer (0, 0) transition, while the shoulder peaks at wave-
lengths r600 nm are assigned to vibronic transitions. The
thin-film absorption spectrum is red shifted, as expected, due
to increased intermolecular interactions in the solid state and
is broadened with two main features appearing at 620 and
680 nm, respectively. The latter of these two features corre-
sponds to the Cy5 monomer, while the former is assigned to the
absorption of the H-dimer.29

Furthermore, the H-dimer peak exhibits broadening in the
blue region due to higher order H-aggregates. The thin film
spectrum corresponds largely to the absorption coefficient
measured by ellipsometry (ESI,† Fig. S4.2) meaning that

Fig. 1 (a) Structure of the Cy5 chromophore. (b) Absorption spectra of Cy5-P in acetonitrile and as a thin film. Normalized transient absorption spectra
of Cy5-P solution (c) and thin film (d). Samples were excited at 580 nm. The transient absorption spectra were normalized to the 100 fs signal, and
normalization was done for ease of comparison.
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reflectance and interference features are only minor contribu-
tions to the absorbance spectrum.

Pulsed laser excitation at 580 nm yielded the transient
absorption spectra of the solution and thin-film of Cy5-P
(Fig. 1c and d). Four main features can be seen in the TA
spectrum of the solution: two positive features at 450 and
500 nm, along with two negative features at 540–615 and
650 nm. The two positive peaks arise from the same process,
as they display the same time dependence. They also exhibit no
fluence (see ESI,† Fig. S2.1) or concentration dependence, and
so can be assigned to S1–Sn transitions. Furthermore, this
excited state absorption feature (ESA) is similar to those that
have been seen previously.30 It is expected that a second
positive feature, corresponding to trans–cis photoisomeriza-
tion, would be seen if a longer time window were
monitored.16 The negative band between 540 and 615 nm is
assigned to ground state bleaching (GSB), due to its resem-
blance to the absorption spectrum of the monomer in the
ground state. Finally, the negative feature at 650 nm corre-
sponds to stimulated emission.

In comparison, the transient absorption spectrum for the
Cy5-P film consists of three main features, of which the two
negative features correspond to the GSB (620 nm) of the
H-dimer and combined GSB and stimulated emission
(680–720 nm). The major difference, however, between the
solution and the film is the positive feature; unlike in
the solution spectrum, the transient absorption spectrum of
the film exhibits only a positive feature, which shifts towards
higher wavelengths over time (from 470 nm at 0.1 ps to 495 nm
at 1000 ps). The kinetics of this feature are also different to that
of the ESA feature in the solution. Given that the proposed
model for intrinsic charge generation in Cy5-P relies upon the
generation of redox species,20 it was postulated that the single
positive feature in the transient absorption spectrum could
arise from the absorption of the oxidized Cy5 chromophore.

To confirm this, bromine vapor was used to oxidize a Cy5-P
film in situ and the absorption spectrum was subsequently
measured. As seen in Fig. 2a, there are two processes which
take place when the film is exposed to bromine vapor. The first
process is the disruption of H-aggregates within the film. This
is evident from the broadened shoulder which is present in the
spectrum of the neat film, but absent upon exposure to the
bromine vapor. The broadened shoulder corresponds to higher
order H-aggregates and so its absence points towards the
oxidation of these large aggregates within the film. This process
appears to occur more quickly since a single oxidation step is
able to extinguish a large aggregate composed of several
chromophores.

The second process that takes place is then the oxidation of
the cyanine chromophore in its monomeric state. Oxidation of
the aggregated film, however, does not reveal the distinct
peak at 470 nm seen in the transient absorption spectrum of
Fig. 1d. A different behaviour is obtained when the chromo-
phores are first oxidized in solution using NOBF4. Here, the
oxidized film shows precisely the expected feature with a peak
at 470 nm (Fig. 2b). After de-doping in air for several hours, the

monomer spectrum reappears. Since the film was cast from a
Cy5-P : NOBF4 1 : 2.5 mol/mol solution in acetonitrile, the large
amount of salt probably inhibits H-aggregate formation. Also,
from an electrostatic point of view, the cyanine di-cations are
not likely to stack in close packed H-stacks.

Due to the close match of the absorption features measured
in the transient absorption spectrum and the film oxidized with
NOBF4, we are tempted to assign this positive feature to
oxidized monomer species (Cy5+) present in the Cy5-P film.

At this stage, we cannot completely exclude the possibility
that the feature at 470 nm arises from the absorption of
reduced species of Cy5 (Cy5�), since absorption studies on
electrochemically reduced pentamethine cyanine dyes revealed
similar spectra for the neutral and the dicationic radicals.31

Also, neutral cyanine radicals are very unstable, promptly
undergoing dimerization and are therefore inaccessible in
steady state measurements.

Having established the presence of oxidized or reduced
cyanine chromophores within the photoexcited film, the impact
of the interchromophore distance upon the charge generation
process was investigated. Poly(methylmethacrylate), PMMA, was

Fig. 2 (a) Absorption spectra of a thin film of Cy5-P before (red) and after
(blue lines) exposure to bromine vapor for different amounts of time.
(b) Absorption spectra of a thin film of Cy5-P : NOBF4 1 : 2.5 mol/mol blend
ratio at different times after spin-coating.
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added to Cy5-P in various molar ratios and thin films were
fabricated. From ground state absorption measurements, it is
evident that as the proportion of PMMA increases there is a
decrease in the degree of aggregation, which is evidenced by the
decrease in the H-dimer peak height (Fig. 3a and b). We also
note that there is a decrease in the FWHM as the PMMA : Cy5-P
ratio increases. While the precise composition of the film
including monomers, H-dimers, larger H-aggregates, and per-
haps J-aggregates, is very difficult to determine, the FWHM
provides a useful indicator. From Fig. 3a, we see that a FWHM
value of 90 nm is reached for well separated monomer species.

From the TA spectra (Fig. 4a), it is evident that as the
proportion of PMMA increases, resulting in the aforementioned
decrease in aggregation, the positive feature transforms from
one to two peaks which corresponds to the singlet excited state
absorption as observed in solution (Fig. 1c).

This confirms that the single positive peak occurs when the
chromophores are closely packed allowing for a charge transfer
process resulting in an oxidized and reduced species. The TA
spectra were fitted with biexponentials, yielding time constants
for the charge transfer processes occurring within the thin

films, which can be found summarized in the ESI,†
(Table S2). From there the corresponding spectra were extracted
by a global fit (Fig. 4b–e). For more information on the global
analysis and the global fitting procedure, the reader is directed
to the ESI,† (S2) and the following literature.32–34

With increasing proportion of PMMA there is an increase in
both of the time constants, and the rate constants for the
different blends display a linear dependence with increasing
PMMA ratio (Fig. 4f).

This helps us in confirming our hypothesis that the positive
feature corresponds to photoinduced charge separation within
the films, since the charge transfer kinetics are very sensitive to
the intermolecular distance between the donor and the accep-
tor. Furthermore, Fig. 4b–e reveal that charge transfer occurs
despite the fact that we radically change the degree of aggrega-
tion. Keeping the excitation wavelength at 580 nm, we change
from exciting predominantly aggregates to monomers when the
dye is diluted in PMMA.

These results allow us to propose two possible mechanisms
for intrinsic charge generation in Cy5-P, both of which involve
H-aggregates. The first reaction considers direct excitation of
H-aggregates into higher energy exciton bands from where
reductive quenching by the monomer species occurs
(eqn (1)). On the other hand, charge transfer can proceed
via electron transfer from the excited monomer species
(eqn (2)). Both of these mechanisms generate the positive
feature at 470 nm which is seen in the transient absorption
spectrum.

Cy5 + (H)Cy5 + hn - Cy5 + (H)Cy5* - Cy5+ + (H)Cy5�

(1)

Cy5 + (H)Cy5 + hn - (H)Cy5 + Cy5* - Cy5+ + (H)Cy5�

(2)

The thermodynamic driving force has been proposed to
arise from energetic disorder within the film.35 Apart from
energy level shifts arising from electronic coupling between dye
molecules, local electric fields may also substantially shift the
HOMO and LUMO energy levels of the cyanine chromophores.
When the cyanine cations form H-aggregate stacks, the anions
are situated on the outside of the positively charged stack,
which could give rise to the aforementioned local electric field,
and thus lowering the energy levels of the H-aggregates with
respect to those of the monomeric species.

Once the charges have undergone separation onto well
separated sites, the positively charged hole is subsequently
shielded from recombination by the negatively charged anions
which surround the aggregates, which should result in an
increase in the charge carrier lifetime, as found previously
but not seen in these measurements.20 This difference can be
explained by a much larger concentration of charge carriers
produced at laser excitation intensity resulting in increased
bimolecular charge carrier recombination and thus a much
lower charge carrier lifetime than seen previously.

Fig. 3 (a) Normalized absorption spectra of varying ratios of PMMA : Cy5-
P. (b) Ratio of H-dimer : monomer peak height as a function of the
PMMA : Cy5-P blend ratio.
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Impact of the counterion

Having established the presence of aggregate oxidized species within
the photoexcited film, the impact of the counterion on the charge
generation process was investigated. Alongside the hexafluoropho-
sphate anion (Volume of anion determined by X-ray diffraction, V� =
0.093 nm3), three other counterions were studied in combination
with the same chromophore: chloride (Cy5-Cl; V� = 0.029 nm3),
tetrakis(nonafluoro-tert-butoxy)aluminate (Cy5-[Al(pftb)4]; V� =
0.707 nm3) and tetrakis(perfluoro-1-adamantoxy)aluminate (Cy5-
[Al(pfad)4]; V� = 1.194 nm3). Thus, V� was changed by a factor of
41 if comparing Cy5-Cl with Cy5-[Al(pfad)4].

The crystal structures of the PF6
�, Al(pftb)4

� and Al(pfad)4
� salts

were determined, and Hirshfeld analysis was conducted. An

in-depth description of Hirshfeld surface analysis can be found
here.36 From the Hirshfeld surfaces, fingerprint plots were produced
(Fig. S3.2, ESI†), which provide a visual summary of the intermole-
cular contacts within the crystal structures.37 By examining the
fingerprint plots of the H–H intermolecular contacts, it is evident
that as the anion size increases the mean inter-chromophore
distance increases. In addition, the dominating H–H intermolecular
cation–cation contacts in Cy5-P (51.7% of the interactions) are
replaced by others and the H–H cation–cation interactions only
account for 13.6% of the contacts as a consequence of the now
much larger counterion in Cy5-[Al(pfad)4].

The increase in inter-chromophore distance results in a
decrease in the degree of aggregation within the film, as shown

Fig. 4 (a) Normalized TA spectra for 0 : 1, 1 : 1 and 12 : 1 (mol : mol) blends of PMMA : Cy5-P at a time of 1 ps. Samples were excited at 580 nm with a
fluence of 30 mJ cm�2; (b)–(e) Global fits for different PMMA : Cy5-P blends (1 : 1, 4 : 1, 8 : 1 and 12 : 1); (f) Plot showing the rate of electron transfer as a
function of PMMA : Cy5-P blend ratio.
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by a decrease in the ratio of the H-dimer:monomer peak height,
as well as the reduced FWHM (Fig. 5a). We note that the same
features are observed for the absorption coefficient measured
by ellipsometry (Fig. S4.2, ESI†). The anion size also impacts
upon the transient absorption spectra of the thin films
(Fig. 5b).

With increasing anion size, there is an increase in the
relative intensity of the stimulated emission, arising due to a
decrease in energetic disorder thus leading to a decrease in
selfquenching.38 Furthermore, as the anion size increases,
there is a slight shift in the positive feature in the TA spectra
at 470 nm, and a second feature begins to be resolved.
This reflects a diminished bleaching contribution of the
H-aggregates, in accordance with the results obtained for Cy5
dispersed in PMMA. The thin films fabricated were reproduci-
ble, and the absorption spectra identical between batches. This

allows us to conclude that the differences in the photophysics
between the dyes incorporating different counterions are due to
the difference in aggregation, and not due to structural defects
occurring during film formation.

Global fits of the transient spectra were obtained by fitting
the spectra with three exponential functions, and these fits
were then used to calculate the quantum yield for charge
separation (S4 and S5, ESI†). The quantum yield of the charge
separation process was found to be 83% and 86% for the Cy5-Cl
and Cy5-P systems, respectively. This yield then decreased to
71% and 78% for the two aluminium-based analogues,
Cy5-[Al(pftb)4] and Cy5-[Al(pfad)4].

The decrease in yield for the larger counterions further
confirms that the interchromophore distance, and therefore
the degree of aggregation, plays a key role in the charge transfer
process. In the thin films of the cyanine dyes with the larger

Fig. 5 Structures of the different anion counterions: Cl�, PF6
�, Al(pftb)4

� (left) and Al(pfad)4
� (right). Note that the fluorine atoms have been omitted

from the Al(pfad)4
� structure for clarity. (a) Normalized absorption spectra of Cy5 thin films incorporating different counterions: Cl� (purple), PF6

�

(cyano), Al(pftb)4
� (orange) and Al(pfad)4

� (red). (b) Normalized transient absorption spectra of different Cy5 thin films, taken at a time of 1 ps. Samples
were excited at 580 nm.
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counterions (Al(pftb)4 and Al(pfad)4), the counterions are suffi-
ciently large to ensure that higher order H-aggregates do not
readily form, which minimises electron transfer from photo-
excited monomer chromophores to the aggregates.

Charge transport

Having established a link between anion size and the mecha-
nism of charge generation, the impact of the anion on charge
transport was then investigated. For this, electroabsorption and
time-resolved electroabsorption spectroscopy (TREAS) were
used. These are spectroscopic techniques based upon the
electric-field dependent optical response of a system (Stark
effect).18

Experimentally, the difference between electroabsorption
measurements and TREAS is the addition of a pump beam in
the latter. This photoexcitation of the sample generates charge
pairs, which undergo separation under the applied electric field
causing changes in the electroabsorption response of the
material. By monitoring the time evolution, the charge carrier
mobility can be determined. For more details on these techni-
ques, the reader is directed to the following literature.18,39,40

While the electroabsorption spectra of the Cy5 dyes have
similar shapes (Fig. S6.1, ESI†), there is a clear red shift in the
positive feature as the anions increase in size (from 475 nm in
Cy5-Cl to 550 nm in Cy5-[Al(pfad)4]). As the shape of the
electroabsorption spectrum is related to the derivative of the
absorption spectrum, this red shift arises from a decrease in
higher order H-aggregates as the anion size increases. It is
possible to determine the origin of certain features within the
EA spectrum by comparing it to the derivatives of the steady
state absorption spectrum. Furthermore, a linear combination
of the zeroth, first and second derivatives can be fitted to the
electroabsorption spectrum, with the accuracy of the fit deter-
mined by the number of transitions behind each
absorption band.

The fits (Fig. S6.2, ESI†) for the Cy5-Cl and Cy5-P dyes are
reasonably accurate; in contrast, however, the fits for the dyes
with the two aluminium-based counterions are inaccurate. This
implies that in these films there is inhomogeneity in the
polarizability and the permanent dipole on a short length scale
(tens of nm) and that the film is locally disordered. Further-
more, any aggregates that are present in these films do not
exhibit uniform properties.41

The results from the TREAS experiments proved inconclu-
sive. This was caused by the poor carrier mobility resulting in
there being little time evolution in the electroabsorption spec-
tra over the time-window of the experiment (approximately
1.6 ns). As the films of the cyanine dyes were already very thin
(20–50 nm), decreasing the film thickness or increasing the
applied voltage were not feasible solutions. As a result, time-of-
flight (TOF) was instead used to estimate the impact of anion
size on charge carrier mobility.

TOF is a technique whereby electron–hole pairs are gener-
ated in an electric field upon photoexcitation of the sample in
the immediate vicinity of one electrode. The electric field then
splits the electron–hole pair, where one charge is immediately

collected by the nearby electrode, while the other traverses the
sample to be collected at the counter electrode. The time taken
for these charges to traverse the sample is called the transit
time, and it can be used to calculate the charge mobility in the
sample using the following equation:

m ¼ d2

E � ttr
(3)

where d is the sample thickness, E the voltage applied across
the sample and ttr the transit time obtained from the TOF
measurements.

As well as giving the charge mobility in the sample, TOF can
also give insight into the transport regime (dispersive vs. non-
dispersive), by means of the appearance of the photocurrent
curve. The mobility of the Cy5 dyes with the two smaller
counterions (Cl� and PF6

�) were investigated alongside
[Al(pftb)4].

Samples were excited at 630 nm with an applied voltage of
8 V. An example of the resulting photocurrent curve is shown in
the ESI† (Fig. S6.3). The transit time was estimated from the
curve by constructing asymptotes with the intersection corres-
ponding to the transit time.42 The thickness of the samples was
determined by using cross-sectional scanning electron micro-
scopy (Fig. 6 and Fig. S7, ESI†).

As evident from Table 1, the mobility values are similar
irrespective of the counterion size, and are comparable to those
found in organic salt photovoltaics.43,44 This is an interesting
result, as one would expect there to be a decrease in mobility as
the anion size increases as a result of the chromophores being
further apart, reducing the rate of charge hopping.

However, while the average separation of the Cy5 chromo-
phores increases with increasing anion size and the percentage
of interacting cation–cation surfaces is reduced by a factor of 4
(from 51.7 to 13.6%), the sections of the cations that mitigate

Fig. 6 Cross-sectional scanning electron microscopy (SEM) image of
Cy5-[Al(pftb)4] time of flight sample. Sample comprises of glass/FTO/
Al2O3/Cy5-[Al(pftb)4]/Al.

Table 1 Transit times and mobility values for different Cy5 salts

Anion Transit time/ms Mobility/10�6 cm2 V�1 s�1 Thickness/nm

Cl� 2.47 � 0.04 6.12 � 0.09 110
PF6

� 2.75 � 0.13 3.69 � 0.18 90
Al(pftb)4

� 5.92 � 0.30 5.75 � 0.29 165
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charge transfer remain in contact. Therefore, even with the
largest anions, it is not possible to break the interaction paths
through the entire film.

Overall, the result is that the carrier mobility of the dyes with
larger anions is similar to that of the dyes with smaller counter-
ions, as the larger inter-chromophore distance is countered by
the decreased degree of aggregation, and subsequent minimi-
zation of charge trapping by H-aggregates. Due to limitations
with the sample preparation, it was difficult to get sufficiently
thick samples to be able to conclusively determine the trans-
port regime (dispersive vs. non-dispersive); furthermore, these
limitations lead to a certain degree of uncertainty in regard to
the mobility values found. However, while the absolute values
may not be correct, we believe that the mobility values of the
three dye materials tested are similar, and so the conclusions
we have drawn are still valid.

Conclusions

In summary, we have shown using transient absorption
spectroscopy that oxidized monomer species are photogener-
ated in pentamethine cyanine dye films incorporating small
counterions, such as chloride or hexafluorophosphate. This has
allowed us to confirm the charge generation mechanism in
these materials, providing the first direct proof of high effi-
ciency intrinsic charge generation in organic salt semiconduc-
tors. Upon photoexcitation, charge pairs are generated with the
electron undergoing transfer from singlet excited states of
monomeric species in the film to ground state aggregated
chromophores. Alternatively, direct excitation of H-aggregates
can occur, followed by reductive quenching by the monomer
species. These charge transfer processes occur with a yield of
up to 86%. The involvement of H-aggregates in the photoin-
duced charge separation process is essential as it ensures the
necessary symmetry-breaking45,46 and the thermodynamic driv-
ing force to yield the charge separated pair.

The impact of counterion size was then examined, with dyes
containing two very large aluminium based counterions, Cy5-
[Al(pftb)4] and Cy5-[Al(pfad)4], being studied alongside Cy5-Cl
and Cy5-P. Transient absorption measurements demonstrated
that monomer oxidized species were less present in the sam-
ples containing the two larger anions or samples where the
cyanine dye was diluted in a polymer matrix. These results led
us to conclude that in pentamethine cyanine dyes, where the
anion is sufficiently large, higher order H-aggregates are not
present in high concentration due to the chromophores being
too spatially separated, thus diminishing the process of charge
generation. However, despite an increase in spatial separation,
time of flight measurements showed that the carrier mobility in
Cy5-Al(pftb)4 was similar to that of the Cy5 dyes with the
smaller counterions. This is interpreted as a counterbalancing
effect for the charge carrier mobility, where the increased
interchromophore distance in Cy5-[Al(pftb)4] films is compen-
sated by the decrease in energetic disorder due to the suppres-
sion of H-aggregates.
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J. Mater. Chem. A, 2015, 3, 10935–10941.

20 L. Wang, S. Jenatsch, B. Ruhstaller, C. Hinderling,
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S1. Synthetic Procedure for the preparation of Cy5-[Al(pftb)4] and Cy5-[Al(pfad)4] 
 
 
General Working Technique 
All manipulations were carried out under an inert argon atmosphere, using standard vacuum 
and Schlenk techniques with a pressure of 10−3 mbar or a glove box (MBraun Lab Master) with 
argon atmosphere and H2O and O2 contents <1 ppm to exclude air and moisture. All solvents 
and reagents were dried using conventional drying agents, distilled afterwards and stored 
under argon atmosphere over activated 3 Å molecular sieves. 
 
NMR Spectroscopic Investigations 
NMR samples were prepared in an inert atmosphere glove box in NMR tubes equipped with 
a gas-tight J. Young valve. NMR spectra were recorded on a Bruker Avance II+ 400 MHz WB 
and a Bruker Avance III HD 300 MHz NMR spectrometer at room temperature (unless 
described otherwise) using the software package Bruker TopSpin 4.0.7 for analysis. The 
spectra were calibrated based on the chemical shift of the deuterated solvents used. 
Single Crystal X-ray Diffraction 
The data was collected from shock-cooled single crystals at 100(2) K on a Bruker D8 VENTURE 
dual wavelength Mo/Cu three-circle diffractometer with a microfocus sealed X-ray tube using 
mirror optics as monochromator and a Bruker PHOTON III detector. The diffractometer was 
equipped with an Oxford Cryostream 800 low temperature device and used MoKα radiation 
(λ = 0.71073 Å). All data were integrated with SAINT and a multi-scan absorption correction 
using SADABS was applied.[1,2] The structure were solved by direct methods using SHELXT and 
refined by full-matrix least-squares methods against F2 by SHELXL-2018/3.[3,4] All non-
hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen 
atoms were refined isotropically on calculated positions using a riding model with their Uiso 
values constrained to 1.5 times the Ueq of their pivot atoms for terminal sp3 carbon atoms 
and 1.2 times for all other carbon atoms. Crystallographic data for the structures reported in 
this paper have been deposited with the Cambridge Crystallographic Data Centre.[5] CCDC 
2044614 and 2056417 contain the supplementary crystallographic data for this paper. These 
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/structures. This report and the CIF file were generated using FinalCif.[6] 
 
S1.1 Synthesis and Characterization of the [Cy5][Al(pftb)4] (pftb = OC(CF3)3) 
Li[Al(OC(CF3)3)4] (1.092 g, 1.121 mmol) and [Cy5][BF4] (0.521 g, 1.108 mmol, 1.00 eq) were 
submitted into a H-cell equipped with a G4 frit and dissolved in CH2Cl2 (10 mL) and stirred at 
r.t. for 3 days. The reaction mixture was sonicated for 1 h and filtered after the precipitation 
of solid could be observed. The solvent was removed under reduced pressure und the title 
compound was isolated as blue powder (1.23 g, 0.911 mmol, 82 %) and characterized by NMR 
spectroscopy. 
Recorded NMR spectra of [Cy5][Al(OC(CF3)3)4] in CD2Cl2, CDCl3 and o-DFB always showed 
heavily broadened resonances in the 1H-NMR spectra in contrast to the reference spectrum 
of [Cy5][BF4] (Figure S1.1). These broadened resonances in the regions of 2.37 to 4.80 and 
5.80 to 8.50 ppm show no clear splitting pattern but are the main resonances and caused by 
[Cy5][Al(OC(CF3)3)4]. A precise assignment of the resonances of the title compound is not 
possible due to the enlargement with exception of the intensive singlet at 1.71 ppm caused 
by the CH3 groups (H8)) of [Cy5][Al(OC(CF3)3)4]. The 1H-NMR spectrum further shows 
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resonances, which can be assigned to indoline moieties (Ind1, In2, Erreur ! Source du renvoi 
introuvable.S1.2) which indicate a partial decomposition of the cation [Cy5] but only 
represent 1 % of the intensity in the NMR sample. The assignment of the resonances of the 
decomposition products were completed, considering the 1H,13C-HSQC and 1H,13HMBC NMR 
spectra in Figures S1.3 and S1.4. The complete assignment is summarized in Table S1.1 and 
visualized in Figure S1.2. 
 
Starting material [Cy5][BF4] – reference NMR spectrum 
1H-NMR (400.17 MHz, 298 K, CDCl3): δ = 1.68 (s, 12H, H(8)), 3.59 (s, 6H, H(13)), 6.15 (d, 
3JH,H = 13.5 Hz, 2H, H(10)), 6.61 (t, 3JH,H = 12.5 Hz, 1H, H(12), 7.11 (d, 3JH,H = 8.1 Hz, 2H, H(2)), 
7.18 (t, 3JH,H = 7.5 Hz, 2H, H(4)), 7.33 (m, 4H, H(5), H(3)), 8.02 (dd, 3JH,H = 13.3 Hz, 2H, H(11)) 
ppm. 
11B-NMR (128.39 MHz, 298 K, CDCl3): δ = −0.7 (br. s, 1B, BF4) ppm. 
13C-NMR (100.62 MHz, 298 K, CDCl3): δ = 27.8 (C8), 31.4 (C13), 49.6 (C7), 103.6 (C10), 110.5 
(C2), 122.2 (C5), 125.1 (C12), 126.0 (C4), 128.7 (C3), 141.3 (C6), 142.8 (C1), 154.1 (C11), 173.7 
(C9) ppm. 
19F-NMR (376.54 MHz, 298 K, CDCl3): δ = −152.0 (q, 2JF,B = 0.9 Hz, B11F, 4F, [BF4]−), −151.9 (m, 
B10F, 4F, [BF4]−) ppm. 
 
[Cy5][Al(OC(CF3)3)4] 
1H-NMR (400.17 MHz, 298 K, CDCl3): δ = 1.68 (s, 6H, H(8)-Ind1), 1.71 (s, 12H, H(8)), 1,72(s, 
6H, H(8)-Ind2), 2.37-4.80 (very broadened resonance, 6H, H(13)), 4.01 (br. s, 3H, H(10)-Ind2), 
4.07 (br. s, 3H, H(10)-Ind1), 5.80-8.50 (very broadened resonance, 13H, H(10), H(12), H(2), 
H(4), H(5), H(3), H(11) ppm. 
13C-NMR (100.62 MHz, 298 K, CDCl3): δ = 21.9 (C8-Ind1), 25.6 (C8-Ind2), 34.3 (C10-Ind2), 35.2 
(C10-Ind1), 53.4 (C7-Ind1), 53.6 (C7-Ind2), 140.6 (C1-Ind2), 140.9 (C1-Ind1), 141.0 (C6-Ind1), 
143.0 (C6-Ind2), 181.9 (C9-Ind2), 192.4 (C9-Ind1) ppm.  
19F-NMR (376.54 MHz, 298 K, CDCl3): δ = −75.7 (s, 36F, [Al(OC(CF3)3)4]−) ppm. 
27Al-NMR (104.27 MHz, 298 K, CDCl3): δ = 34.6 (s, 1Al, [Al(OC(CF3)3)4]−) ppm. 
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Figure S1.1. a) 1H-NMR spectrum (400.17 MHz, 298 K, CDCl3) Synthesis of [Cy5][Al(OC(CF3)3)4] 
showing very small impurities by indoline species. b) 1H-NMR spectrum (400.17 MHz, 298 K, 
CDCl3) Reference spectrum of [Cy5][BF4].  
 
 
 

 
 
Figure S1.2. Assignment of the 1H and 13C chemical shifts of [Cy5][BF4], Ind1 and In2. 
 
 
 
 
Table S1.1. Overview of the 1H and 13C chemical shifts of [Cy5][BF4], Ind1 and Ind2. 
 
 [Cy5][BF4]  Ind1  Ind2 
Position δ(1H) δ(13C)  δ(1H) δ(13C)  δ(1H) δ(13C) 
1  142.8   140.9   140.6 
2 7.11 110.5       
3 7.33 128.7       
4 7.18 126.0       
5 7.33 122.2       
6  141.3   141.0   143.0 
7  49.6   53.4   53.6 
8 1.68 27.8  1.68 21.9  1.72 25.6 
9  173.7   192.4   181.9 
10 6.15 103.6       
11 8.02 154.1       
12 6.61 125.1       
13 3.59 31.4  4.07 35.2  4.01 34.3 
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Figure S1.3. 1H,13C-HSQC NMR spectrum (400.17 MHz, optimized on 1 Hz, 298 K, CD2Cl2) of 
the synthesis of [Cy5][Al(OC(CF3)3)4]. 
 
 
 
 

 
 
Figure S1.4. 1H,13C-HMBC NMR spectrum (400.17 MHz, optimized on 8 Hz, 298 K, CD2Cl2) of 
the synthesis of [Cy5][Al(OC(CF3)3)4]. 
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Figure S1.5. 7Li-NMR spectrum (155.52 MHz, 298 K, CDCl3) of the synthesis of 
[Cy5][Al(OC(CF3)3)4]. Li+ is absent. 
 
 
 
 

 
 
Figure S1.6. 11B-NMR spectrum (128.39 MHz, 298 K, CDCl3) of the synthesis of 
[Cy5][Al(OC(CF3)3)4]. BF4

– is absent. 
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Figure S1.7. 19F-NMR spectrum (376.54 MHz, 298 K, CDCl3) of the synthesis of 
[Cy5][Al(OC(CF3)3)4]. 
 

 
 
Figure S1.8. 27Al-NMR spectrum (104.27 MHz, 298 K, CDCl3) of the synthesis of 
[Cy5][Al(OC(CF3)3)4]. 
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S1.2. Synthesis and Characterization of the [Cy5][Al(pfad)4] (pfad = perfluoroadamantoxy = 
OC10F15) 
Li[Al(OC10F15)4] (0.650 g, 0.378 mmol) and [Cy5][BF4] (0.181 g, 0.385 mmol, 1.02 eq) were 
submitted into a H-cell equipped with a G4 frit und dissolved in CH2Cl2 (10 mL) and stirred for 
2 days at r.t. The reaction mixture was sonicated for 20 h and filtered after the precipitation 
of solid could be observed. The solvent was removed under reduced pressure und the title 
compound was isolated as green powder. NMR investigations showed impurities by 
C10F15OH/C10F15O−. The obtained solid was dissolved in CH2Cl2 (10 mL) and suitable crystals 
for single crystal XRD experiments were obtained by slow vapor diffusion with n-pentane. 
After single crystal XRD experiments were done, the reaction solution was filtered, the 
crystalline residue washed with n-pentane (2x 4.0 mL) and dried in vacuo. The pure target 
compound was isolated as a yellow gleaming solid (0.20 g, 0.095 mmol, 25.0 %) and 
characterized by NMR spectroscopy. 
 
 

 
 

1H-NMR (300.18 MHz, 298 K, THF/CDCl3): δ = 1.65 (s, 12H, H(8)), 3.56 (s, 6H, H(13)), 6.12 (d, 
3JH,H = 13.8 Hz, 2H, H(10)), 6.47 (t, 3JH,H = 12.5 Hz, 1H, H(12), 7.28 (m, 8H, H(2), H(4) H(5), H(3)), 
8.00 (dd, 3JH,H = 13.0 Hz, 2H, H(11)) ppm. 
19F-NMR (282.45 MHz, 298 K, THF/CDCl3): δ = −223.7 (s, CF, 12F, [Al(OC10F15)4]−), −122.0 (m, 
CF2, [Al(OC10F15)4]−), −121.7 (m, CF2, [Al(OC10F15)4]−) ppm. 
27Al-NMR (78.22 MHz, 298 K, THF/CDCl3): δ = 34.2 (s, 1Al, [Al(OC10F15)4]−) ppm. 
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Figure S1.9. 1H-NMR spectrum (300.18 MHz, 298 K, THF/CDCl3) Synthesis of [Cy5][Al(pfad)4] 
by reaction of Li[Al(pfad)4] with [Cy5][BF4] in CH2Cl2 after crystallization with n-pentane, 
calibrated on THF. 

 
 
Figure S1.10. 7Li-NMR spectrum (116.66 MHz, 298 K, THF/CDCl3) Synthesis of [Cy5][Al(pfad)4] 
by reaction of Li[Al(pfad)4] with [Cy5][BF4] in CH2Cl2 after crystallization with n-pentane, 
calibrated on THF. => Li+ is absent. 
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Figure S1.11. 19F-NMR spectrum (282.45 MHz, 298 K, THF/CDCl3) Synthesis of [Cy5][Al(pfad)4] 
by reaction of Li[Al(pfad)4] with [Cy5][BF4] in CH2Cl2 after crystallization with n-pentane, 
calibrated on THF. 
 

 
 
Figure S1.12. 27Al-NMR spectrum (78.22 MHz, 298 K, THF/CDCl3) Synthesis of [Cy5][Al(pfad)4] 
by reaction of Li[Al(pfad)4] with [Cy5][BF4] in CH2Cl2 after crystallization with n-pentane, 
calibrated on THF. 
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S2. Ultrafast transient absorption dynamics and the global fitting procedure 
 
 
 

 
 
Figure S2.1. Transient absorption spectra of Cy5-P in solution at different fluences: (a) 12.7 
µJcm–2, (b) 25.5 µJcm–2 and (c) 38.8 µJcm–2. Figure (d) shows the fluence independence 
kinetics of the feature at 502 nm.  
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Figure S2.2. Transient absorption spectra of different PMMA:Cy5-P blends: (a) 1:1, (b) 4:1, (c) 
8:1 and (d) 12:1. The spectra have been normalised to the signal at 100 fs for ease of 
comparison between the different blends. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.5

1.0

0.5

0.0

-0.5

-1.0

-1.5

A/
A 

No
rm

al
ize

d

550500450400
Wavelength / nm

700650

1:1
 0.1 ps
 0.5 ps
 1 ps
 10 ps
 100 ps
 500 ps
 1000 ps

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

A/
A 

No
rm

al
ize

d

550500450400
Wavelength / nm

700650

4:1
 0.1 ps
 0.5 ps
 1 ps
 10 ps
 100 ps
 500 ps
 1000 ps

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

A/
A 

No
rm

al
ize

d

550500450400
Wavelength / nm

700650

8:1
 0.1 ps
 0.5 ps
 1 ps
 10 ps
 100 ps
 500 ps
 1000 ps

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

A/
A 

No
rm

al
ize

d

550500450400
Wavelength / nm

700650

12:1
 0.1 ps
 0.5 ps
 1 ps
 10 ps
 100 ps
 500 ps
 1000 ps

(a) (b)

(c) (d)



   13 

Fitting of kinetic equations 
 
The dynamic traces obtained from fs-transient absorption measurements were fitted with 
the following multi-exponential functions: 
 

a) Bi-exponential function: 
 

Δ𝐴(𝜆, 𝑡) = 	𝐴! +	𝐴"(𝜆) ∙ exp 0
−𝑡
𝜏"
3 + 𝐴#(𝜆) ∙ exp 0

−𝑡
𝜏#
3	 

 
b) Tri-exponential function: 

 

Δ𝐴(𝜆, 𝑡) = 	𝐴! +	𝐴"(𝜆) ∙ exp 0
−𝑡
𝜏"
3 + 𝐴#(𝜆) ∙ exp 0

−𝑡
𝜏#
3 + 𝐴$(𝜆) ∙ exp 0

−𝑡
𝜏$
3 

 
 
Global Fitting Procedure [7- 9] 

 
Global fitting was used on our data in order to help elucidate the charge transfer processes 
taking place within the Cy5 thin films, as well as to calculate the quantum yield of charge 
separation (see S5 for more details). A more comprehensive review of global analysis can be 
found in the following literature.[10, 11] 
 
To perform a global fit, the data must first be sampled and an appropriate number of kinetic 
traces should be extracted; this allows for a suitable fit (and subsequent decay associated 
spectra) to be achieved, whilst minimising the amount of time required for the fit. Once 
sampled, a kinetic model is applied (here either a bi- or tri-exponential function) whereby all 
of the traces are forced to evolve with the same time constant(s). The following step-by-step 
procedure was used to obtain the global fits along with the use of Igor Pro (WaveMetrics) 
global fit software package. 
 

1) Extract kinetics traces every 5 nm between 400 nm and 760 nm (excluding 560-620 
nm due to λex being 580 nm). 

2) Manually fit a few of the extracted kinetic traces in order to obtain an accurate fitting 
equation and to provide a reasonable first guess for the global fit. 

3) Select the appropriate fitting function from step 2. Link the time constant(s) for the 
kinetic traces, and provide initial values for the fitting coefficients based on the 
guesses found in step 2. 

4) Perform the global fit with a suitable number of iterations (typically 40). If 
convergence is reached, assess the quality of the fit by examining the calculated 
residuals. If the fit does not converge, the initial guesses should be changed and the 
process repeated. 

5) The amplitude coefficient(s) can subsequently be extracted into new sets of data, 
which can then be plotted against the wavelengths used in the global fit to give the 
decay associated spectra. 
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Figure S2.3. Kinetic traces at 470 (blue), 520 (green) and 700 nm (red) for different ratios of 
PMMA:Cy5-P thin films. The dashed lines show the results of the global fitting procedure.  
 
 
 
 
Table S2. Results from global fits of TA spectra of different molar ratios of PMMA:Cy5-P 
blends, fitted with biexponential functions.  
 

PMMA:Cy5-P Blend ratio τ1 / ps τ2 / ps 

1:1 0.85 47 

4:1 2.0 62 

8:1 3.4 75 

12:1 8.4 103 
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S3. SC-XRD details and summary of Hirshfeld surface analysis [12, 13] 

 

Structure Tables 
 

 Cy5-[Al(pftb)4] Cy5-[Al(pfad)4] Cy5-PF6 
CCDC number  2056417 2044614 
Empirical formula C172H124Al4F144N8O16 C68H33AlCl2F60N2O4 C27H31F6N2P 
Formula weight 5402.70 2178.30 528.51 
Temperature [K] 293(2) 100(2) 100(2) 
Crystal system monoclinic triclinic monoclinic 
Space group 
(number) 

𝑃2!/𝑐 (14) 𝑃1 (2) 𝑃2!/𝑐 (14) 

a [Å] 11.4785(10) 12.925(3) 12.4822(9) 
b [Å] 27.720(3) 13.451(3) 18.8248(12) 
c [Å] 16.5740(16) 22.359(3) 12.0756(8) 
α [°] 90 90.353(3) 90 
β [°] 92.346(7) 92.653(4) 118.153(2) 
γ [°] 90 93.709(4) 90 
Volume [Å3] 5269.2(9) 3874.7(12) 2501.8(3) 
Z 1 2 4 
ρcalc [g/cm3] 1.703 1.867 1.403 
μ [mm-1] 0.210 0.291 0.174 
F(000) 2688 2145 1104 
Crystal size [mm3] 0.15×0.12×0.10 0.27×0.21×0.15 0.200×0.050×0.050 
Crystal colour blue black blue 
Crystal shape block plate needle 
Radiation MoKα (λ=0.71073 Å) MoKα (λ=0.71073 Å) MoKα (λ=0.71073 Å) 
2ϴ range [°] 2.86 to 50.65 (0.83 Å) 1.82 to 55.87 (0.76 Å) 3.70 to 56.63 (0.75 Å) 
Index ranges -13 ≤ h ≤ 12 

-33 ≤ k ≤ 32 
-19 ≤ l ≤ 19 

 ≤ h ≤  
 ≤ k ≤  
 ≤ l ≤  

-16 ≤ h ≤ 16 
-25 ≤ k ≤ 25 
-16 ≤ l ≤ 16 

Reflections collected 34148 17443 63205 
Independent 
reflections 

9269 
Rint = 0.1611 
Rsigma = 0.1279 

17443 
Rint = 0.0378 
Rsigma = 0.0505 

6174 
Rint = 0.0589 
Rsigma = 0.0331 

Completeness 97.2 % 96.4 % 100.0 % 
Data / Restraints / 
Parameters 

9269/388/781 17443/18373/1968 6174/0/332 

Goodness-of-fit on F2 1.016 1.156 1.017 
Final R indexes  
[I≥2σ(I)] 

R1 = 0.1165 
wR2 = 0.3021 

R1 = 0.0554 
wR2 = 0.1595 

R1 = 0.0478 
wR2 = 0.1199 

Final R indexes  
[all data] 

R1 = 0.2059 
wR2 = 0.3633 

R1 = 0.0886 
wR2 = 0.1725 

R1 = 0.0690 
wR2 = 0.1344 

Largest peak/hole 
[eÅ3] 

1.33/-0.60 0.93/-0.50 0.56/-0.42 

Extinction coefficient — — 0.0039(7) 
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Molecular structure of Cy5-[Al(pftb)4] 
 
 

 
 
Molecular structure of Cy5-[Al(pfad)4] 
 
 

 
 
Molecular structure of Cy5-PF6 
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Figure S3.1. Hirshfeld surfaces of Cy5-PF6 (top), Cy5-[Al(pftb)4] (middle) and Cy5-[Al(pfad)4] 
(bottom) 
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Table S3.1. Relative contributions to the Hirshfeld surface area for the intermolecular 
contacts in Cy5-PF6, Cy5-[Al(pftb)4] and Cy5-[Al(pfad)4] in percent.  
 
  Cation         Anion     
  H...H C...H C...C N...all H...F F...H F...C F...F 
Cy5-PF6 21.7 23.4 0.6 1.2 21.7 97.2 0.6 1.3 
Cy5-[Al(pftb)4] 25.6 12.7 1.0 1.0 54.3 62.2 4.0 33.5 
Cy5-[Al(pfad)4] 13.6 9.7 0.8 1.2 61.8 49.4 2.9 44.2 

 
 
Table S3.2. Cation-Cation contacts in percent and Volume ratio of cation to anion in Cy5-
PF6, Cy5-[Al(pftb)4] and Cy5-[Al(pfad)4].  
 

  
∑Cat…Cat 
contacts [%] V(C+)/V(A–) 

Cy5-Cl  ~18 a) 
Cy5- PF6 76.8 5.6 
Cy5-[Al(pftb)4] 40.5 0.8 
Cy5-
[Al(pfad)4] 25.4 0.5 

 
a) Estimated value based on V(C+) of Cy5-PF6 and V(A–) of CCDC structure DODQUK. 
 
For the cations, H-H contacts dominate for Cy5-[Al(pftb)4] and Cy5-[Al(pfad)4], but C-H 
contacts dominate for Cy5-PF6. The clear difference is even more pronounced in the H-F 
contacts where Cy5-[Al(pftb)4] has twice as many contacts as Cy5-PF6 and Cy5-[Al(pfad)4] even 
three times more. C-C and N-all contacts only play a minor role around one percent. 
With the anions, there is also a clear difference for the smaller PF6

- and the other two anions. 
In Cy5-PF6, nearly all contacts of the anion go to hydrogen atoms of the cation. But for Cy5-
[Al(pftb)4] and Cy5-[Al(pfad)4], only 62% and 50% of the contacts are to the cation 
respectively. The two larger anions have more F-F contacts to other anions while PF6

- has 
nearly no contacts to other anions. 
 
Cy5-[Al(pfad)4] 
Cation-Cation contacts:  0.8(CC)+9.7(CH)+0.9(CN)+13.6(HH)+0.4(HN) = 25,4% 
Cell volume:  3874.7 Å3 
Cy5-Cation Hirshfeld volume = 573,29 Å3 
Al(pfad)4 - Anion = 1194.08 Å3 
 
Cy5-[Al(pftb)4] 
Cation-Cation contacts:  1.0(CC)+ 12.7(CH)+ 1.0(CN)+ 25.6(HH)+ 0.2(HN) = 40.5% 
Cell volume:  5269.10 Å3 
Cy5-Cation Hirshfeld volume = 595.12 Å3 
Al(pftb)4 - Anion = 707.49 Å3 
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Cy5-PF6 
Cation-Cation contacts:  0.6(CC)+0.4(NC)+0.7(NH)+23.4(CH)+51.7(HH) = 76.8% 
Cell volume: 2501.8 Å3  
Cy5-Cation Hirshfeld. volume = 520,87 Å3 
PF6 - Anion = 92.91 Å3 
 
Cl− 
Volume of Cl-: ~29 Å3 

 

 

 
 
 
Figure S3.2. Fingerprint plots showing the distribution of inter-cationic H-H contacts for  
(a) Cy5-PF6, (b) Cy5-[Al(pftb)4] and (c) Cy5-[(pfad)4]. 
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Figure S3.3. Packing of Cy5-[Al(pfad)4] along a-axis. 
 
 

 
 
Figure S3.4. Packing of Cy5-[Al(pfad)4] along c-axis. 
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Figure S3.5. Packing of Cy5-[Al(pftb)4]. 
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Figure S3.6. Packing of Cy5-[Al(pftb)4] along a-axis. 
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Figure S3.7. Packing of Cy5-[Al(pftb)4] along b-axis. 
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Figure S3.8. Packing of Cy5-[Al(pftb)4] along c-axis. 
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Figure S3.9. Packing of Cy5-PF6. 
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Figure S3.10. Packing of Cy5-PF6 along a-axis. 
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Figure S3.11. Packing of Cy5-PF6 along b-axis 
 

 
 
Figure S3.12. Packing of Cy5-PF6 along c-axis. 
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S4. Optical characterization and global fits 
 
 
 

 
 
Figure S4.1. Steady state emission for different Cy5 thin films: Cl (purple), PF6 (cyano), 
[Al(pftb)4] (orange) and [Al(pfad)4] (red). 
 
 
 

 
 
 
Figure S4.2. Optical constants n and k as measured by ellipsometry. 
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Figure S4.3. Global fits for different Cy5 thin films: (a) Cl, (b) PF6, (c) [Al(pftb)4] and  
(d) [Al(pfad)4]. 
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Figure S4.4. Kinetic traces at 470 (blue), 520 (green) and 700 nm (red) for Cy5-P blends 
incorporating different counterions: (a) Cl, (b) PF6, (c) [Al(pftb)4] and (d) [Al(pfad)4]. The 
dashed lines show the results of the global fitting procedure. 
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Figure S4.5. Normalized kinetic traces from TA measurements of the positive TA feature at 
l = 470.5 nm (top) and the stimulated emission at l = 710-716 nm (bottom). 
 
 
 
 
 
 
 
 



   32 

S5. Estimating the quantum yield of charge separation 
 
 

 
 
Figure S5. Decay-associated difference spectra (DADS) yielded by the global fitting of the 
time-evolution of transient absorption spectra. 
 
The transient spectra were fitted with a triexponential function yielding global fit plots, an 
example of which is shown above for the Cy5-P thin film (Fig. S3.1). 
There are three components which contribute to the TA spectrum. The first component, in 
red, corresponds to the appearance excited state absorption, whilst the second component, 
in blue, corresponds to hole transfer from the aggregate excited state to a monomer in its 
ground state. The third component, in green, corresponds to the recombination of the 
separated charges.  
 
To estimate the charge transfer yield, the area beneath the positive feature of the curve for 
components Ar and Ab was found and divided by the extinction coefficients of these 
processes. This yields the following expression: 

𝑄𝑢𝑎𝑛𝑡𝑢𝑚	𝑦𝑖𝑒𝑙𝑑	(%) = 	
𝐴% 𝜀&'@

𝐴( 𝜀)*@ +	𝐴% 𝜀&'@
 

 
Where Ar and Ab represent the area beneath the red and blue curve, and 𝜀)* and 𝜀&' are the 
extinction coefficients of the Cy5 chromophore and its oxidized counterpart, respectively. The 
extinction coefficient of the Cy5 chromophore was taken as 2.1 x 105 Lmol-1cm-1.  
 
The extinction coefficient for the oxidized species was estimated from the oxidation 
experiments with bromine vapor, where it was found that the extinction coefficient for this 
process was 52 % of that of the Cy5-P dye in the ground state. Therefore, it was taken as 1.1 
x 105 Lmol-1cm-1 for the purpose of the quantum yield calculations. 
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S6. Electroabsorption and time-of-flight measurements 
 
 
 

 
 
Figure S6.1. Plots showing the normalized electroabsorption spectra (red), alongside the first 
and second derivatives of the absorbance spectra (dashed purple and orange lines, 
respectively) of Cy5 dyes with various counterions: (a) Cl–, (b) PF6

–, (c) [Al(pftb)4]– and  
(d) [Al(pfad)4]–. 
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Figure S6.2. Electroabsorption spectra of Cy5-Cl (top) and Cy5-P (bottom) fitted with a linear 
combination of the zeroth, first and second derivatives of the steady state absorption spectra 
(dashed line). 
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Figure S6.3. An example of a photocurrent curve from time-of-flight measurements of Cy5-P, 
excited at l = 630 nm, with an applied voltage of 8 V and a resistance of 120 W. The transit 
time was found by the intersection of the two asymptotes, shown by the blue dashed line. 
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Figure S7. Cross-sectional SEM images of Cy5-Cl (top) and Cy5-P (bottom) time of flight 
samples. Samples had the following structure: Glass/FTO/Al2O3/Dye/Al. The thickness of the 
dye layer is shown in red. 
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