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§1. X-Ray crystallography

Table S1. Data collection and selected refinement parameters for complexes 1-4.

Compound 1-:2MeCN 2 (at 200 K) 2 (at 296 K) 3 4
CCDC number 1579827 1579828 1579829 1579830
Empirical formula C36H36Cu,lgNgP, C36H33CuylgNgP, C36H3gCuslgNgP, C3gH4,CuylgNgP, Cy4H35Cu4lgNgP,
Formula mass [g/mol] 1658.23 1632.22 1632.22 1660.27 1728.30
Space group P2,/c C2/c C2/c P-1 P-1
a [A] 9.4058(3) 23.5747(6) 23.6729(10) 10.2369(13) 10.1053(4)
b [A] 14.5684(5) 12.1144(4) 12.2107(5) 11.9900(14) 12.2864(5)
c [A] 35.3521(11) 17.7008(5) 17.7600(6) 12.2061(15) 12.3397(6)
a ] 90.00 90.00 90.00 118.729(5) 118.947(2)
81 94.4820(10) 114.1870(10) 114.074(1) 93.281(6) 92.187(2)
v [°] 90.00 90.00 90.00 107.283(6) 107.225(2)
4 [A3] 4829.4(3) 3354.6(3) 4687.2(3) 1218.1(3) 1249.98(10)
Z 4 4 4 1 1
Crystal size [mm] 0.800 x 0.100 x 0.400 x 0.300 x 0.40 x 0.30 x 0.350 x 0.250 x 0.400 x 0.400 x
0.040 0.300 0.15 0.150 0.200
Deaica. [8:m™] 2.281 2.351 2.313 2.263 2.296
umm™] 5.675 5.940 5.844 5.623 5.485
Temperature [K] 200(2) 200(2) 296(2) 299(2) 296(2)
Reflections collected 88780 43842 27512 33936 35481
Independent reflections 14136 [Riy: = 6339 [R;: = 0.0298] 5359 [Rit = 5576 [Rint = 5118 [Rin: =
0.0426] 0.0493] 0.0707] 0.0334]
Reflections with 7> 11647 5841 4594 4607 4772

20(1)

Rl, WRZ [/ > 20(/)]

0.0296, 0.0787

0.0199, 0.0437

0.0259, 0.0569

0.0639, 0.1602

0.0293, 0.0802

Ry, WR, (all data)

0.0416, 0.0858

0.0230, 0.0447

0.0339, 0.0605

0.0760, 0.1792

0.0318, 0.0829

Goodness of fit

1.043

1.081

1.033

1.043

1.022

Largest diff peak and
hole [e/A%]

1.20and -1.32

1.56 and -1.44

1.60 and -1.31

2.57 and -2.36

2.37 and -1.40
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Figure S1. Experimental and simulated XRPD patterns of as-synthesized samples of 1-4.

Figure S2. The crystal packing of 1-2MeCN showing the C—H---rt and C—H--:| intermolecular interactions.
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Figure S3. The crystal packing of 2 showing the C—H--:l intermolecular interactions.

Figure S4. Overlay of the molecules of 3 and 4 (the propyl chain of 3 and phenyl group of 4 are omitted).
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Figure S5. The crystal packing of 3 showing the C—H--:| intermolecular interactions.

Figure S6. The crystal packing of 4 showing the C—H--:| intermolecular interactions.




Table S2. Selected bonds lengths (A) and angles (°) of the complex 2 at 200 and 296 K.

:Cnih

? i
‘I/:%;\
S A
T~
200 K 296 K
Cul - Cu2 2.7828(5) 2.8175(7)
Cul-CulA 3.4277(5) 3.4513(9)
Cul-I1 2.5853(4) 2.5841(6)
12-Cul-1I3 112.604(13) 111.77(2)
12-Cu2-13 117.355(12) 116.826(2)
N-Cu2-N 96.75(8) 96.25(11)

§2. Thermogravimetry
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Figure S7. TG, c-DTA and DTG curves for 1.
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83. FT-IR spectra
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Figure S12. FT-IR spectrum of 2.
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Figure S13. FT-IR spectrum of 3.
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§4. 'H and *'P{"H} NMR spectra
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Figure $15. 'H NMR spectrum of 1 (CDsCN, 296 K).
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Figure $17. 'H NMR spectrum of 2 (CD3CN, 296 K).
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Figure $19. 'H NMR spectrum of 3 (CD3CN, 296 K).
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Figure $21. 'H NMR spectrum of 4 (CD3CN, 296 K).

§5. ESI-MS spectra
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Figure S22. ESI-MS(-) (left) and ESI-MS(+) spectra of 1 (MeCN).
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Figure S23. ESI-MS(-) (left) and ESI-MS(+) spectra of 2 (MeCN).
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Figure S24. ESI-MS(-) (left) and ESI-MS(+) spectra of 3 (MeCN).
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Figure S25. ESI-MS(-) (/eft) and ESI-MS(+) spectra of 3 (MeCN).
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§6. Photophysical data
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Figure S26. Emission decay for complexes 1-4 in the solid state at 296 K.
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Figure $28. The powder of 4: under day-light at 298 K (a); under 350 nm light at 300 K (b) and about 100 K

(c).

§7. Computational details

The solid-state UV-Vis spectra calculated from the diffuse reflectance data applying a Kubelka—Munk
function are usually coincide fairly well with the spectra recorded in solution. Although it should be noted
that the solid-state spectra are less resolved and characterized by the extended tails of the long-
wavelength bands.™ Therefore, to analyze the solid-state UV-Vis spectra of complexes 1-4, we performed
time-dependent (TD) DFT calculations'™ for isolated complexes with the their XRD geometries. To simplify
calculations, the propyl or butyl substituents in phosphonium cation and one of the pyridine rings, not

involved in the coordination by Cu(l), were replaced by hydrogen atom and methyl group, respectively.
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It is well-known,>* that TD-DFT approach with GGA (e.g. BP86") or hybrid (e.g. B3LYP™!) functionals
underestimates significantly the energies of the charge-transfer (CT) states. A series of special functionals
(e.g. long-range corrected CAM-B3LYP'® and LC-oPBE,”’ meta-GGA MO06-HF,® and double-hybrid
BZPLYPlg]) were proposed to solve this problem. Thus, we employed the latter functionals, as well as BP86
and B3LYP for comparison, to calculate the maxima and oscillator strengths in the UV-Vis spectra of
complexes 1-3. Basis sets of def2-TZVP quality[m] (with relativistic effective core potential, ECP, for iodine)
were used in the calculations. For calculations at the TD-BP86, TD-B2PLYP levels, the ORCA suit of
programs[”] has been employed. For all other calculations, the GAUSSIANQ9 suit of programs[m has been

used.
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Figure S29. Four lowest unoccupied and 8 highest occupied MOs for complex 3 calculated at the LC-
®PBE/def2-TZVP level, relative MO energies in eV are presented in parenthesis.

We did not perform calculations for complex 4, as it has chemical structure and properties very
similar to those of complex 3. The case of complex 3 is a representative. For all methods employed, we
calculated energies and oscillator strengths for 50 lowest-energy electronic transitions. For complex 3, all
these transitions had a CT nature. Figure S29 represents a series of MOs for this complex calculated at the

LC-wPBE/def2-TZVP level.
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Figure S30. Positions and oscillator strengths of the long-wavelength transition in the electronic absorption
spectrum of complex 3 calculated using TD-DFT/def2-TZVP method with different functionals.

Figure S30 demonstrates that application of both the BP86 and B3LYP functionals leads to
unreasonably low energy of the long-wavelength transition (~0.1 eV). All functionals specially designed to
improve the accuracy of predicting the CT-transition energies lead to significantly higher energy in a wide
range of 1.2 — 3.3 eV. Comparison with experiment demonstrated that only calculations with LC-®wPBE
functional reproduce fairly well experimental UV-Vis spectrum although the energies of CT states are still
slightly underestimated (Fig. S31). Wherein, calculations with CAM-B3LYP and B2PLYP functionals
significantly underestimate the CT-state energies, while calculations with MO6-HF functional even
overestimate tremendously these energies.

The computed electronic absorption spectrum of complex 3 in the near-UV and visible region (Fig.
S31, dashed line) represents a set of CT-bands corresponding to the electron promotions from the MOs
localized on the [Cuslg]® cluster (composed of the iodine p-orbitals and Cu(l) d-orbitals) to the MOs
localized mainly on the pyridine rings of the cations.

All unoccupied MOs involved in these transitions represents pairs of close-energy orbitals localized
on two different ligands (e.g. see Fig. S29). Thus, all CT transitions also represent pairs with similar energy
but different oscillator strengths (f). For example, pair of long-wavelength transitions for 3 was predicted at
614.1 and 613.9 nm with f =0.0013 and 0.0062. The first transition is originated from a number of electron
promotions from a series of occupied MOs (HOMO-1, HOMO-3, HOMO-6, HOMO-7) to LUMO+1, and the
second transition is mainly originated from the electron excitations from the same MOs and HOMO to the
LUMO. The most intense transition at 562 nm (f=0.0619) and its partner at 561.3 nm (f=0.0008) are also
originated from the electron excitations to LUMO and LUMO+1. Moreover, we calculated energies of the

first triplet excited states at the geometry of the ground state. The energy difference between lowest
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singlet and triplet excited states was predicted to be small enough [e.g. AE(S;—T1) = 1137 cm™] making

possible the manifestation of thermally activated delayed fluorescence (TADF).[13]
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Figure S31. The solid-state normalized spectra for complex 3 at 298 K: Kubelka-Munk function (black solid),
photoluminescence (Aex = 455 nm, red) and luminescence excitation (blue) spectra. Vertical black bars
indicate the positions and oscillator strengths (f, left axis) of the electronic transitions calculated at the LC-
®PBE/def2-TZVP level for isolated complex 3 with XRD geometry. For convenience, a theoretical
absorption spectrum of complex 3 computed applying 4000 cm™ Gaussian broadening of the individual
transitions (black bars) is also presented (dotted line).
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Figure S32. The solid-state normalized spectra for compound 1 at 298 K: Kubelka-Munk function (black
solid), photoluminescence (Aex = 455 nm, red) and luminescence excitation (blue) spectra. Vertical black
bars indicate the positions and oscillator strengths (f, left axis) of the electronic transitions calculated at
the LC-owPBE /def2-TZVP level for isolated compound 1. For convenience, a theoretical absorption
spectrum of 1 computed applying 4000 cm™ Gaussian broadening of the individual transitions (black bars)
is also presented (dotted line).
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As only long-range corrected LC-wPBE functional performed well in the calculation of the UV-Vis
spectrum of complex 3, we used the same functional to calculate spectroscopic properties of complexes 2
and 1. Results of calculations for complex 2 are presented in the main text.

Figure 7 (main text) shows that all complexes 1-4 have similar UV-Vis spectra although complex 1
contains well separated cations {[Cu(Me-TPP)I]’} and anionic cluster {[Cuz(u—l)zlz]z_}. Unexpectedly,
calculations predict (black bars, Fig. S32) that the long-wavelength transitions of complex 1 are also
originated from the electron promotions from the MOs localized on the cluster [Cu2I4]2_ to the MOs
localized mainly on the ligand of the [Cu(Me-PPys;)I]" cation despite of large distance between dianion and
6.636 A)]. In contrast to compounds 2—4, more intense

cations [(r(Cul...Cu3) = 6.76 A, r(Cu2...Cud) =

transitions of 1 in the visible region (grey bars) are due to the excitations localized on cations.
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Figure $33. Six lowest unoccupied and 16 highest occupied MOs for complex 1 calculated at the LC-
®PBE/def2-TZVP level, relative MO energies in eV are presented in parenthesis.

Figure S33 shows a set of MOs involved in the transitions presented in Figure S32. Transitions
displayed as black bars are due to the combinations of electron excitations from occupied orbitals HOMO —

(HOMO-9) to the LUMO — LUMO +6 (CT states). In turn, transitions displayed as grey bars are originated
S20



from electron excitations from MOs localized on the cations and composed mainly of iodine p-orbitals and
Cu d-orbitals [e.g. (HOMO-10) — (HOMO-13), Fig. S33]. Surprisingly, but among 50 lowest-energy
transitions (up to 29000 cm™ or 345 nm) calculated for compound 1 at the LC-wPBE level we did not find

any cluster-centered (*CC) excitations.
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Figure S34. Positions and oscillator strengths of the long-wavelength transition in the electronic absorption
spectrum of [Cuzl4]2_ cluster calculated using TD-DFT/def2-TZVP (with ECP for I) with different functionals.
Red bars represent results of SA-CASSCF/CASPT2 calculations.

As dianionic [Cusls]® cluster is well separated from the cations, we performed TD-DFT as well as high-
level SA-CASSCF/CASPT2!*¥! calculations of the EAS for isolated cluster. The MOLCAS 7.0 program

package“S]

was used in the latter case. Figure S34 displays values of the long-wavelength transition
predicted at different DFT levels as well as a series of transitions predicted by high-level calculations. Figure
S33 demonstrates that LC-@PBE calculations predict first excitation (cluster-centered, *CC) at about 36000
cm? (or ~280 nm). However, more accurate SA-CASSF/CASPT2 calculations predict for [Cu2I4]2_ cluster a
series of transitions in the visible region.

Thus, the long-range corrected TD-LC-wPBE method could correctly reproduce CT-transitions
involving molecular MOs localized on the well-separated ligands and Cuylyn. clusters, but it overestimates
significantly energies of local excitations. In turn, other employed functionals do not work properly to
reproduce CT-transitions. Unfortunately, to use more accurate SA-CASSCF/CASPT2 approach to calculate
excited states of compounds 1—-4 is unrealistic task due to very large systems under study. Nevertheless,
we can conclude that despite results of TD-LC-wPBE calculations, compounds 1-4 can have low-lying

cluster-centered (*CC) excitations and be involved in the CC-phosphorescence.
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