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Single crystal spectroscopic measurement details

Spectroscopic measurements on single crystals were performed on a self-built instrument, composed
of a halogen light source, a rotating sample stage and a conventional microscope coupled to a
spectrometer. A linear polarizer could be inserted between the light source and the condenser lens
focusing light on the sample. Using the optical microscope equipped with a 60x objective, individual
crystals were selected and illuminated with a focused light beam. The transmitted signal was collected
through a slit at the entrance of the spectrometer, in the form of a spatially resolved transmission map:
the slit is decomposed in 255 lines along its largest dimension, a spectrum being measured for each of

these lines
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Figure S1: Sketch of the micro-spectrometer



The directly transmitted signal was converted to absorption using the following relation:

1
Abs =-log
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+ log

0 0
where Lipie and Ly perae are the transmitted intensity of the sample and the substrate, respectively. I is
the intensity of the illumination beam (with or without polarizing filter depending on the experiment)

measured in the same conditions as the sample.

An example of the raw data is presented in Figure S2. The spatially resolved absorbance spectra of the
same crystal are given for c- and b-polarization. The images correspond to the position of the crystal
between the slit, as seen by the spectrometer. To achieve good spectral resolution, the slit opening was

set to 3 nm.
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Figure S2: Spatially resolved absorption spectra of a (a) b-polarized and (c) c-polarized CyC crystal. The area between the
red lines was used to average the absorption spectra of each polarization. The resulting mean absorbance spectra visible
in (b) and (d) for b-polarization and c-polarization, respectively.



As visible from Figure S2, the spatially resolved spectra present some artefacts, mostly at the edges of
the crystals where diffraction occurs, resulting in absorbance extending to the infrared. In order to get
representative spectra of the crystal absorbance, spectra were averaged over 15-20 lines in the center

of the crystal where absorbance is homogenous.
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Figure S3: Crystal equilibrium morphology using the BFDH model implemented in the Mercury 3.8 software.(a) View
along the [100] direction (b) view along the [001] direction. While the BFDH morphology gives the equilibrium form of
the crystal, the final growth form depends on growth conditions. In the present case, growth conditions give rise to
crystals composed mainly of {100},{011} and {0-11} faces.

Conoscopy analysis

Optical microscopy was performed on a polarizing microscope equipped with a universal stage
(Leitz-Orthoplan-Pol with Leitz universal stage). Due to the high absorbance of all crystals, thick
specimens appear dark red, and all colour effects related to birefringence disappear. We therefore
selected a sample with thin crystal, yet having lateral sizes of several micrometers. Spacers were
placed in the corners of the sample (to protect the fragile crystals from being crunched) and
immersion oil was placed on it before it was clamped between the two glass hemispheres of the

universal stage.



The crystals extinguish symmetrically, with the diagonals parallel to polarizer and analyzer. They
expose a complete isogyre cross in conoscopic view, two adjacent quadrants are tainted blue, the other
two are red, see Figure S4. The isogyre perpendicular to the long rhomb diagonal serves as a mirror
plane (m) in the field of view. From these observations one can conclude that a) the crystals are
monoclinic, b) the crystallographic b-axis is in the substrate plane and parallel to the long rhomb
diagonal, c) the crystals have a (hOl) out-of-plane orientation, d) the crystals show horizontal
dispersion (i.e. b-axis || X- or Z-axis of indicatrix). It proved impossible to bring an optic axis into the
field of view by tilting the sample. Therefore, the acute bisectrix (AB) must be in the substrate plane

and the angle between the two optical axes (2V) must be less than 60°.I]

Figure S4. Conoscopic view of the crystal, schematic top view of the crystal (lower) and schematic side view of the
crystal (upper) corresponding to the microscope image. The dotted line indicates the microscope axis. The rhomb
shaped crystal shows horizontal dispersion.

Atomic displacements in CyC platelet crystals

In total 6 parameters per atom were refined using the SHELXL program to obtain the
anisotropic displacements U which include thermal motion as well as disorder (see ellipsoid
representation in Figure S5). The six eigenvalues of U are represented in the isotropic
displacement parameter Ueq as the mean-square displacement (u?) averaged over all
directions (Ueq = (u2> ). All U values are small (see figure below). Additionally, it was possible
to solve the positional disorder which is related to one of the two perchlorate anions in the
asymmetric unit. As seen in Figure S5, there is rotational disorder around the CI2-O5 bond
resulting in an atom position splitting for 06, O7 and O8.



Figure S5. Ellipsoid representation (50% probability) of the anisotropic displacement parameters of the atoms in the
molecules composing the asymmetric unit of the crystal structure. The atoms are labeled in the Figure, which was
prepared using PLATON.B!

Franck-Condon analysis

The observed spectrum of CyC in chloroform solution (Fig. 4a) is fitted to a three-mode Franck-
Condon model and the results shown in Figure S6. The 0-1 primary shoulder at 15500 cm™ is not
represented in the fit as sharply as it is observed, but all other spectral features, including the long tail
extending up to 23000 cm!, are well reproduced. While the addition of a fourth mode could allow the
shoulder to sharpen, it is questionable as to whether or not the data supports unique optimization of

the two additional parameters required. Here, only the simplest realistic fit to the data is presented.
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Figure S6. Fit of the observed spectrum of CyC in chloroform to a 3-model Franck-Condon model (see Table 1) blue
points- observed spectrum, red line- fit.
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Figure S7:(a) Compared emission of CyC solution, thin film and single crystal. (b) Excitation scan of a collection of single
crystals grown on a substrate for emission at 16 667 cm™ and 15 385 cm™



Reflection

The reflection resulting from a CyC amorphous thin film of about 50 nm was evaluated by comparing
the absorbance of the film as measured in a UV-vis spectrometer to that measured in an integrating
sphere. While the UV-vis measurement gives the transmission of the film (T=1-A-R), the integrating
sphere measurement give the “true” absorption of the film.[*] The two spectra are compared in Figure
S8 below. At the main resonances, a difference of 28-38% is found and attributed to reflection from
the film surface.
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Figure S8: Compared spectra of a 50 nm CyC film measured with a UV-vis spectrometer (red line) and in an integrating
sphere (blue dots)

Polarized transmission spectra of CyC platelet crystals

Transmission microscopy of rhombic CyC crystal platelets did not show identical spectral shapes. As
mentioned in the main text, reflectance and interference severely affect the transmission signal and
depend strongly on crystal thickness. Figure S9 shows the angular dependence of polarized
transmission spectra of a 50-60 nm thick crystal. In this thinner crystal, the peak observed at about 19
000 cm! is not as prominent as in Figure 4 of the main text. However, the angular dependence can be

rationalized as a combination of two components. Defining spectrum S, as the one obtained with



polarization parallel to ¢ (6= 0°) and Sy, as the spectrum obtained with #=90° polarization (parallel
to b) the spectra Sy at varying angle & reasonably follow the relationship Sy= S, cos? 8+ Sy, sin?6. For
larger crystals this cannot clearly be observed, which could be due to thickness inhomogeneity.
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Figure S9: (a) Transmission spectra of CyC single crystals under linearly polarized light, the absorbance of the crystal
varies as a function of the crystal orientation (b) Relative position of the crystal and light polarization direction (double
arrows) at all angles presented in (a).

Exciton coupling energy

To get an estimation of the exciton coupling strength in the layered crystal structure, the exciton
coupling energy Jp of selected chromophore pairs was calculated according to the extended dipole

model. !

R T AV -1 -1 -1
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where U is the transition dipole moment, R; (i=1...4) are the distances between the charges of the

- an-12
dipoles in a pair of molecules, and 0 = 8.85-10

Fm-!is the vacuum permittivity and £=4 was
taken for the relative permittivity of the dye according to similar trimethine dyes.[®7] L is the dipole

length taken to be 9.5 A in agreement with previous works (819 on different trimethine cyanine dyes.



The transition dipole moment was obtained from the absorption spectrum in chloroform solution

according to

|ul® /

- —
4.702-10 " "v,,,

where 4 is the transition dipole moment in Debye, Ymaxis the maximum absorption wavenumber, f is

the oscillator strength measured in chloroform solution, 4.702 - 10~ " D2 cm s a collection of physical

constants. This yielded a transition dipole moment of # = 10.9 D,

The strongest exciton coupling energies of neighboring molecules within layers 1, as well as the

interlayer couplings between layers 1 - 2 and 1a — 1b are given in Table S1 below:

Table S1: Intralayer and interlayer exciton coupling energies J, in the layered crystal structure of cyanine dye CyC. Layers
1a, 1b and 2 follow the notation given in Figure 2a. The various exciton coupling terms J;-J;; are identified in Figure S7.
Our sign convention uses that all transition dipole moments are oriented in the direction of the crystallographic c-axis.

R, (A) R;(A) R;(A) R,(A) Jp (cm™) identifier
5.784 5.784 12.799 9.209 263.2 J
11.361 11.361 3.849 20.617 -218.9 J,
8.046 14.902 7.312 17.265 -5.4 J;
5.923 16.107 11.417 15.13 127.8 Jy
10.59 10.59 7.91 18.47 13.7 Js
7.242 7.242 14.849 7.99 138.4 Js
6.024 17.334 14 12.571 120.3 J;
8.419 17.666 17.576 9.556 22.9 Js
15.652 15.652 23.501 10.82 -11.9 Jg
7.056 6.822 8.866 14.021 172.4 Jio
6.252 15.23 13.249 11.69 106.9 Ji




The various exciton coupling energies J; to J;; are identified with the help of the crystal structure

projections below (Figure S10):
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Figure S10: Identification of exciton coupling terms J; to J;; viewed at different projections. (a) Intralayer couplings in
layer 2 (b) Interlayer (J5 to Jg) and intralayer (Jg) couplings between layers 1a and 1b (c) interlayer couplings between
layers 1 and 2.

TDDFT prediction of the spectrum of isolated CyC

Table S2: Cam-B3LYP/6-31G* TDDFT predictions of the absorption spectrum of an isolated CyC cation in chloroform.

7

KA K

g
T

Layer 1 Layer 2
Energy / cm’! Oscillator strength Energy / cm’! Oscillator strength
22400 1.59 22080 1.62
34700 0.02 34340 0.01
38370 0.01 38170 0.01
38630 0.00 38380 0.00
41090 0.11 40800 0.09
42400 0.09 42160 0.10

DFT optimized coordinates for the translationally optimized unit cell, no symmetry

box: 15.825751 0.00 -1.606683 0.00 20.7468 0.00 0.00 0.00 15.6519
Kpoints: 2 2 2
basis: NGX= 108 NGY= 140 NGZ= 108 NGXF= 216 NGYF= 280 NGZF= 216

6 1.584647 6.736895 7.290021
6 14.241104 14.009904 6.755196
6 14.241103 17.110295 -1.070753
6 1.584647 3.636505 15.115971
6 1.503718 6.062622 6.075231
6 14.322035 14.684177 7.969986

10
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7 13.873107  18.448751  -1.309908
7 1.952644 2.298049  15.355126
7 2.665374  12.963460  12.869300
7 13.160377 7.783340 1.175917
7 13.160376 2.590060 9.001867
7 2.665375  18.156739 5.043350
7 6.311246 6.783851  14.330044
7 9.514505  13.962949  -0.284826
7 9.514505  17.157250 7.541124
7 6.311246 3.589549 6.504094
7 6.868458 10.945564 4.583805
7 8.957293 9.801235 9.461412
7 8.957293 0.572165 1.635462
7 6.868458  20.174635 12.409756
8 3.134100 8.101436 1.313019
8 12.691651  12.645364  12.732199
8 12.691651  18.474835 4.906248
8 3.134101 2.271964 9.138968
8 3.943847 7.450154 3.468108
8 11.881904  13.296646  10.577109
8 11.881903 17.823553 2.751159
8 3.943847 2.923246  11.294059
8 3.044673 9.641609 3.132158
8 12.781078  11.105190  10.913059
8 12.781078  20.015009 3.087109
8 3.044673 0.731790  10.958108
8 1.595965 7.745427 3.112354
8 14.229786  13.001372  10.932863
8 14.229785  18.118827 3.106913
8 1.595965 2.627972  10.938304
8 3.848051  11.842453 7.506112
8 11.977699 8.904346 6.539106
8 11.977699 1.469054  14.365055
8 3.848052 19.277746 -0.319838
8 3.256412  13.778926 6.237359
8 12.569339 6.967873 7.807858
8 12.569339 3.405527 -0.018092
8 3.256412  17.341273  14.063310
8 4.456835 14.011970 8.293545
8 11.368916 6.734829 5.751672
8 11.368916 3.638571  13.577622
8 4.456834  17.108229 0.467595
8 2.162387  13.333257 8.318426
8 13.663364 7.413543 5.726790
8 13.663365 2.959857  13.552741
8 2.162388  17.786942 0.492476
17 2.931375 8.232254 2.755284
17 12.894376  12.514545  11.289933
17  12.894375  18.605654 3.463983
17 2.931375 2.141146  10.581234
17 3.428707  13.248478 7.590025
17  12.397044 7.498321 6.455192
17  12.397043 2.875078  14.281142
17 3.428708  17.871721  -0.235925
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