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I. STEADY STATE UV-VIS ABSORPTION SPECTRA AND CALCULATED 
TRANSITION STRENGTHS:
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Figure S1. UV-vis absorption spectrum of [Re(Etpy)(CO)3(bpy)]+ in CH3CN, shown together with TD-DFT 
(PBE0, CPCM for CH3CN) calculated electronic transitions of [Re(py)(CO)3(bpy)]+ (red bars, calculated 
oscillator strengths shown on the right).
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Figure S2. UV-vis absorption spectrum of [Re(Cl)(CO)3(bpy)] in CH3CN, shown together with TD-DFT (PBE0, 
CPCM for CH3CN) calculated electronic transitions (red bars, calculated oscillator strengths shown on the right).
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Figure S3. UV-vis absorption spectrum of [Re(I)(CO)3(bpy)] in CH3CN, shown together with TD-DFT (PBE0, 
CPCM for CH3CN) calculated electronic transitions (red bars, calculated oscillator strengths shown on the right).
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II. FLUORESCENCE UP-CONVERSION MEASUREMENTS: LUMINESCENCE
SPECTRA AND TIME TRACES:
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Figure S4. Luminescence spectra of [Re(L)(CO)3(bpy)]n in CH3CN, measured at selected time delays after 400 
nm, ~80 fs excitation. (a): L = Etpy; (b): L = Cl; (c): L = Br, (d): L = I. The signal at ~457 nm is the solvent 
Raman line.
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Figure S5. Time profiles at different luminescence wavelengths of [Re(L)(CO)3(bpy)]n in CH3CN, upon 
excitation with 400 nm, ~80 fs width pulses. (a): L = Etpy; (b): L = Cl; (c): L = Br, (d): L = I.
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III. TABLES

Table S1. DFT (B3LYP/CPCM-CH3CN) – calculated one-electron energies and compositions of 
spectroscopically relevant Kohn-Sham molecular orbitals of [Re(py)(CO)3(bpy)]+. Approximate symmetry 
within the Cs group is given in parenthesis. (Calculations in vacuum and CH3CN give the same energy ordering 
of the orbitals and very similar compositions.)

MO E (eV) Prevailing
character

Re bpy COax 2COeq py

Unoccupied -
94a (A”) -1.50 π∗ bpy 1 94 0 3 2
93a (A‘) -1.59 π∗ bpy 2 66 2 2 28
92a (A‘) -1.72 π∗ py 3 28 3 2 65
91a (A‘) -2.66 π∗ bpy 3 92 0 4 1
Occupied
90a (A”) -6.74 Re 61 8 11 14 6
89a (A‘) -6.74 Re 64 8 13 13 1
88a (A‘) -6.97 Re 68 2 1 28 1
87a (A”) -7.38 π bpy 1 99 0 0 0
86a (A”) -7.84 Py 1 0 0 0 99
85a (A’) -8.61 Py+bpy 1 27 0 1 72

Table S2. DFT (PBE0/CPCM-CH3CN) – calculated one-electron energies and compositions of spectroscopically 
relevant Kohn-Sham molecular orbitals of [Re(py)(CO)3(bpy)]+. Approximate symmetry within the Cs group is 
given in parenthesis. (Calculations in vacuum and CH3CN give the same energy ordering of the orbitals and very 
similar compositions.)

MO E (eV) Prevailing
character

Re bpy COax 2COeq py

Unoccupied
94a (A”) -1.42 π∗ bpy 1 94 0 3 2
93a (A‘) -1.50 π∗ bpy 2 63 2 2 32
92a (A‘) -1.65 π∗ py 2 32 3 2 61
91a (A‘) -2.62 π∗ bpy 3 92 0 4 1
Occupied
90a (A”) -7.07 Re 61 8 11 14 6
89a (A‘) -7.07 Re 65 8 13 13 1
88a (A‘) -7.31 Re 69 2 1 28 0
87a (A”) -7.69 π bpy 1 98 0 0 0
86a (A”) -8.15 Py 1 0 0 0 99
85a (A’) -8.94 Py+bpy 1 27 0 1 72
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Table S3. DFT (B3LYP/CPCM-CH3CN) – calculated one-electron energies and compositions of 
spectroscopically relevant Kohn-Sham molecular orbitals of [Re(Cl)(CO)3(bpy)]. Approximate symmetry within 
the Cs group is given in parenthesis.

MO E (eV)
Prevailing
Character

Re bpy COax 2COeq Cl

Unoccupied
82a (A") -0.90 CO 25 6 14 55 1
81a (A") -1.37 π∗ bpy 1 96 1 2 0
80a (A') -1.55 π∗ bpy 1 96 0 2 0
79a (A') -2.51 π∗ bpy 3 93 0 3 1

Occupied
78a (A") -6.19 Re + π Cl 53 3 15 11 18
77a (A') -6.28 Re + π Cl 51 5 12 12 19
76a (A') -6.67 Re 67 2 1 31 0
75a (A") -7.25 π bpy 0 99 0 0 1
74a (A') -7.71 Cl 12 16 1 3 68
73a (A") -7.73 Cl 11 16 1 3 67

Table S4. DFT (PBE0/CPCM-CH3CN) – calculated one-electron energies and compositions of spectroscopically 
relevant Kohn-Sham molecular orbitals of [Re(Cl)(CO)3(bpy)]. Approximate symmetry within the Cs group is 
given in parenthesis.

MO E (eV) Prevailing
character

Re bpy COax 2COeq Cl

Unoccupied
82a (A”) -0.80 CO 26 6 13 54 1
81a (A”) -1.26 π∗ bpy 1 96 1 2 0
80a (A‘) -1.45 π∗ bpy 1 96 0 2 0
79a (A‘) -2.45 π∗ bpy 3 93 0 3 1
Occupied
78a (A”) -6.55 Re + π Cl 53 3 15 11 18
77a (A’) -6.63 Re + π Cl 51 5 12 12 19
76a (A‘) -7.02 Re 67 2 1 31 0
75a (A”) -7.53 π bpy 0 99 0 0 1
74a (A’) -8.01 Cl 11 15 1 2 70
73a (A”) -8.03 Cl 12 15 1 3 69
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Table S5. DFT (B3LYP/CPCM-CH3CN) calculated one-electron energies and compositions of spectroscopically 
relevant Kohn-Sham molecular orbitals of [Re(I)(CO)3(bpy)]. Approximate symmetry within the Cs group is 
given in parenthesis.

MO E (eV) Prevailing
character

Re bpy COax 2COeq I

Unoccupied
100a (A”) -1.02 CO 28 6 15 51 0
99a (A”) -1.31 π∗ bpy 2 95 1 2 0
98a (A‘) -1.47 π∗ bpy 3 91 0 4 2
97a (A‘) -2.48 π∗ bpy 3 90 0 4 3
Occupied
96a (A”) -6.16 π I + Re 32 2 9 6 51
95a (A’) -6.21 π I + Re 29 3 8 5 56
94a (A‘) -6.74 Re 67 2 1 29 1
93a (A’) -6.94 π I + Re 27 12 5 5 50
92a (A”) -6.98 π I + Re 30 12 6 8 45
91a (A”) -7.22 π bpy 2 96 0 0 1

Table S6. DFT (PBE0/CPCM-CH3CN) calculated one-electron energies and compositions of spectroscopically 
relevant Kohn-Sham molecular orbitals of [Re(I)(CO)3(bpy)]. Approximate symmetry within the Cs group is 
given in parenthesis.

MO E (eV) Prevailing
Character

Re bpy COax 2COeq I

Unoccupied
100a (A”) -0.87 CO 28 6 15 51 0
99a (A”) -1.18 π∗ bpy 2 95 1 2 0
98a (A‘) -1.36 π∗ bpy 3 91 0 4 2
97a (A‘) -2.40 π∗ bpy 3 90 0 4 3
Occupied
96a (A”) -6.42 π I + Re 32 2 9 6 51
95a (A’) -6.46 π I + Re 29 3 8 5 56
94a (A‘) -7.03 Re 67 2 1 29 1
93a (A’) -7.22 π I + Re 27 12 5 5 50
92a (A”) -7.27 π I + Re 30 12 6 8 45
91a (A”) -7.49 π bpy 2 96 0 0 1
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Table S7. TD-DFT G03/B3LYP/CPCM (ACN) calculated singlet electronic transitions of [Re(L)(CO)3(bpy)]n

with oscillator strength larger than 0.001. (Transition energies in eV, corresponding wavelength (nm) in 
parenthesis. Molar absorptivity in M-1cm-1)

State Main components (%) Calculated 
transitions

Osc. 
Str.

Expt.
transitions

Molar
abs.

[Re(py)(CO)3(bpy)]+

a1A“ 97 (90a→91a) 3.31 (374) 0.002
b1A‘ 93 (89a→91a); 6 (88a→91a) 3.38 (367) 0.095 3.65 (340) 5360
c1A’ 93 (88a→91a); 5 (89a→91a) 3.50 (354) 0.010
b1A” 85 (87a→91a) 4.16 (298) 0.189 3.92 (316) 15730

[Re(Cl)(CO)3(bpy)]
a1A“ 98 (78a→79a) 2.91 (426) 0.002
b1A‘ 98 (77a→79a) 3.08 (403) 0.044 3.34 (371) 2450
e1A‘ 84 (78a→81a) 4.10 (302) 0.036
c1A” 72 (77a→82a);  12 (75a→79a) 4.19 (296)  0.030
e1A” 52 (75a→79a);  31 (77a→81a) 4.31 (287) 0.327 4.26 (291) 10430

[Re(I)(CO)3(bpy)]
a1A“ 99 (96a→97a) 2.98 (416) 0.002
b1A‘ 99 (95a→97a) 3.08 (403) 0.044 3.23 (384) 2400
e1A‘ 98 (93a→97a) 3.80 (326) 0.073
c1A” 42 (95a→100a); 40 (91a→97a)  4.18 (296)  0.086
e1A” 45 (95a→99a);  40 (91a→97a) 4.32 (287) 0.234 4.20 (295) 15900
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Table S8. TD-DFT G03/PBE0/CPCM (ACN) calculated singlet electronic transitions of [Re(L)(CO)3(bpy)]n

with oscillator strength larger than 0.001. (Transition energies in eV, corresponding wavelength (nm) in 
parenthesis. Molar absorptivity in M-1cm-1)

State Main components (%) Calculated 
transitions

Osc. 
Str.

Expt.
transitions

Molar
abs.

[Re(py)(CO)3(bpy)]+

a 1A“ 97 (90a→91a) 3.48 (356) 0.002
b 1A‘ 92 (89a→91a); 6 (88a→91a) 3.57 (347) 0.101 3.65 (340) 5360
c 1A’ 91 (88a→91a); 6 (89a→91a) 3.69 (336) 0.010
b1A” 77 (87a→91a) 4.27 (290) 0.259 3.92 (316) 15730

[Re(Cl)(CO)3(bpy)]
a1A“ 98 (78a→79a) 3.12 (397) 0.003
b1A‘ 97 (77a→79a) 3.28 (378) 0.080 3.34 (371) 2450
e1A‘ 79 (78a→81a) 4.16 (298) 0.022
c1A” 50 (77a→82a);  26 (75a→79a) 4.29 (289)  0.081
e1A” 31 (75a→79a);  52 (77a→81a) 4.34 (286) 0.143 4.26 (291) 10430

[Re(I)(CO)3(bpy)]
a1A“ 99 (96a→97a) 3.09 (401) 0.002
b1A‘ 99 (95a→97a) 3.18 (389) 0.046 3.23 (384) 2400
e1A‘ 98 (93a→97a) 3.93 (316) 0.085
c1A” 60 (95a→100a); 20 (91a→97a)  4.25 (292)  0.037
e1A” 40 (95a→100a);  45 (91a→97a) 4.30 (289) 0.132 4.20 (295) 15900
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Table S9. Low-lying triplet electronic transitions of [Re(L)(CO)3(bpy)]n calculated by TD-DFT (B3LYP, CPCM 
for CH3CN). 

State Main components (%) Transition 
energy  (eV)

[Re(py)(CO)3(bpy)]+ in CH3CN
a 3A” 48 (90a→91a); 45 (87a→91a) 2.85
a 3A’ 98 (89a→91a) 3.29
b 3A” 53 (90a→91a); 47 (87a→91a) 3.31

[Re(py)(CO)3(bpy)]+ in vacuum
a 3A” 86 (90a→91a); 9 (87a→91a) 2.65
a 3A’ 98 (89a→91a) 2.97
b 3A” 79 (87a→91a); 9 (90a→91a); 3.16

[Re(Cl)(CO)3(bpy)] in CH3CN
a 3A” 82 (78a→79a); 16 (75a→79a) 2.77
a 3A’ 99 (77a→79a) 2.89
b 3A” 75 (75a→79a); 15 (78a→79a) 3.13

[Re(I)(CO)3(bpy)] in CH3CN
a 3A” 78 (96a→97a); 12 (91a→97a) 2.83
a 3A’ 96 (95a→97a) 2.93
b 3A” 56 (91a→97a); 16 (96a→97a) 3.11

Table S10. Low-lying triplet electronic transitions of [Re(L)(CO)3(bpy)]n calculated by TD-DFT (PBE0, CPCM 
for CH3CN). 

State Main components (%) Transition
energy (eV)

[Re(py)(CO)3(bpy)]+ in CH3CN
a 3A” 31 (90a→91a); 48 (87a→91a); 2.86
a 3A’ 96 (89a→91a) 3.30
b 3A” 61 (90a→91a); 38 (87a→91a) 3.32

[Re(py)(CO)3(bpy)]+ in vacuum
a 3A” 63 (90a→91a); 24 (87a→91a); 2.70
a 3A’ 98 (89a→91a) 2.82
b 3A” 26 (90a→91a); 62 (87a→91a) 3.14

[Re(Cl)(CO)3(bpy)] in CH3CN
a 3A” 43 (78a→79a); 39 (75a→79a); 8 (75a→80a) 2.82
a 3A’ 97 (77a→79a) 3.05
b 3A” 44 (78a→79a); 47 (75a→79a); 6 (75a→80a) 3.16

[Re(I)(CO)3(bpy)] in CH3CN
a 3A” 35 (96a→97a); 29 (91a→97a); 11 (92a→97a) 2.83
a 3A’ 95 (95a→97a) 3.00
b 3A” 49 (96a→97a); 34 (91a→97a); 7 (92a→97a) 3.11
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Table S11. Selected TD-DFT (PBE0) calculated structural parameters of the a1A' (ground), b1A' and a3A'' states 
of [Re(Cl)(CO)3(bpy)] and [Re(py)(CO)3(bpy)]+. %(S-GS) and %(T-S) are the percent change in the given 
parameter between the b1A' and a1A' states and the b1A' and a3A'' states, respectively.

[Re(Cl)(CO)3(bpy)] in CH3CN (COSMO) [Re(py)(CO)3(bpy)]+ in vacuum
Bond lengths, Å a1A’ b1A’ %(S-G) a3A” %(T-S) a1A’ b1A’ %(G-S) a3A” %(T-S)
Re-N 2.204 2.180 -1.1 2.147 -1.5 2.203 2.177 -1.2 2.135 -1.9
Re-L 2.499 2.426 -2.9 2.426 0.0 2.254 2.218 -1.6 2.225 0.1
Re-Cax 1.925 1.960 1.8 1.972 0.6 1.947 1.976 1.5 1.992 0.8
Re-Ceq 1.933 1.965 1.7 1.968 0.2 1.942 1.987 2.3 1.977 -0.5
N-C6 1.337 1.340 0.2 1.346 0.4 1.341 1.343 0.1 1.347 0.3
N-C2 1.350 1.382 2.4 1.392 0.7 1.353 1.382 2.1 1.402 1.4
C2-C2’ 1.476 1.433 -2.9 1.421 -0.8 1.477 1.433 -3.0 1.415 -1.3
C-Oax 1.156 1.146 -0.9 1.145 -0.1 1.146 1.138 -0.7 1.138 0
C-Oeq 1.153 1.148 -0.4 1.147 -0.1 1.148 1.141 -0.6 1.143 0.2
Angles, °
N1-Re-N2 74.3 76.4      2.8 77.0 0.8 74.4 77.1 3.6 77.7 0.8
Ceq-Re-Ceq 89.1 95.6 7.3 85.8 -10.3 89.7 94.5 5.4 85.5 -9.5
L-Re-Cax 175.2 178.9 2.1 174.6 -2.4 177.6 178.0 0.2 174.8 -1.8
N-Re-L 82.7 88.7 7.3 87.9 -0.9 85.6 85.5 -0.1 85.1 -0.5
N-Re-Cax 93.5 92.2 -1.4 88.0 -4.6 92.5 92.9 0.4 90.8 -2.3
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V. EXTRACTION OF SPECTRAL COMPONENTS: GLOBAL FIT OF KINETIC 
TRACES
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Figure S6. Pre-exponential factors A1, A2 and A3 obtained by means of a global fit of eq. 1 to time traces of 
luminescence intensity measured from the Etpy (a), Cl (b), Br (c), and I (d) complexes in CH3CN. Luminescence 
signals were averaged over 10 nm intervals.

IV. EXTRACTION OF SPECTRAL COMPONENTS: SINGULAR VALUE 

DECOMPOSITION (SVD) AND GLOBAL FIT (GF) ANALYSIS 

Our Fluorescence up-conversion data (Figure 2) represent a 2-variable measurement, 

where the luminescence intensity ( , )E tλ  is measured as a function of wavelength and time 

delay. This corresponds to an M x N matrix, where M defines the number of wavelength 

points (in this case 256 discrete wavelength measurements each corresponding to a detector 

pixel) and N the number of time steps.

To minimize the number of spectra and time traces in the data, and to suppress the noise 

we first performed a singular value decomposition (SVD). This allows reducing the data 
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dimensionality and permits performing a nonlinear least square global fit on the reduced data, 

without losing any relevant information. 

In the following, we give a brief description of the method tailored to the purpose of this 

article. In general, a time-resolved spectrum ( , )E tλ  can be thought of as a superposition of 

the contributions of P different components:

( ) ( ) �

1

( , )
P

l
l

E t E t t Eλ λ λ
=

= , +Ξ , = +Ξ∑

where the �E  matrix contains all the information about the spectral evolution of the system, 

whereas the Ξ  matrix represents the stochastic normally-distributed noise with zero mean 

value. Without any a priori knowledge about the temporal evolution of these components we 

can assume that the each can be factorized:

� ( ) ( )
1

( , )
P

l l
l

E t c tλ ε λ
=

=∑

where εl(λ) and cl(t) are the spectral distribution and the temporal evolution of the l-th 

component. This assumption means that the spectral evolution of each component as a 

function of time concerns the amplitude but not the band shape. Thus, the M x N data matrix

is composed of discrete sets of wavelengths λi and time delay tk :

( ) ( )
1

( , ) ( , )
P

i k l i l k i k
l

E t c t tλ ε λ λ
=

= +Ξ∑

The SVD procedure allows to determine P as well as the M- and N-dimensional vectors

εl(λi) and cl(tk), respectively, and to separate the stochastic noise contribution. It consists in 

decomposing the E matrix into a product of three components according to:

TE USV= (SI.1)

where U and VT stand for orthogonal matrices of M x M and N x N dimensions, respectively. 

Their columns contain the left and right singular vectors. In the case of Fl-UC data, the SVD 

approach yields U and VT matrices, which we can identify as basis spectra and basis kinetic 

(time) traces, as shown in previous works.3, 4 The diagonal elements of the S matrix yield the 

singular values Sii=si.
5 With P components and noise-free matrix we should obtain 

s1>s2>…>sP>sP+1=0. Even if the presence of Ξ perturbs the outcome of the SVD analysis, the 

comparison between the values of si allows to determine the number of components from the 
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number of singular vector pairs and accompanying singular values significantly different from 

noise.1

According to the scheme presented in the article, we assume a sequential relaxation, in 

which the temporal evolution of the system is described by:
2

0

IRF1 2 1 1

t-ttt t t t --- - - - 0.6*

i1 i2 i3a +a - +a -phT
iV e e e e e e

ττ τ τ τ

                       ∆             

      = ⊗        

 (SI.2)

where the first term corresponds to the state directly populated by the excitation pulse and 

decaying with τ1; the second and third ones describe the two states indirectly populated from 

the first state with a rise-time τ1 and decaying with τ2 and τph (tens of ns, herein assumed 

= ∞), respectively. The last Gaussian term describes the convolution with the instrument 

function (IRF), where ∆IRF and t0 are its FWHM and the time zero, respectively.

Within a GF analysis all significant Vi
T traces are simultaneously fitted in terms of 

Eq. SI.2, where the time constants have been considered as common (global) parameters. The 

coefficients ai,k are used to calculate the corresponding decay-associated spectra (DAS) of the 

involved kinetics by using the set of properly weighted Ui spectral SVD components via:1

1,2,3 ,
1

N

k i k i i
i

DAS a s U=
=

= ⋅ ⋅∑ (SI.3)

The obtained DAS contain the contribution of corresponding lifetime decays τi in the spectral 

evolution of the system.

The SVD of the Fl-UC data set (Figure 2) was performed according to Eq. SI.1. It was 

followed by the global fitting of the kinetic Vi
T components retained after the transformation 

using the global fit function, defined in Eq. SI.2 . Once all the SVD kinetic components are 

fitted, using the extracted pre-exponential coefficients ai,k, we have constructed the decay-

associated spectra (DAS) corresponding to the characteristic lifetimes τi used in the fit (see 

Eq. SI.2). As previously pointed out, we assume no time-dependent changes of the spectral 

band shapes in our data.

The representative case of the SVD analysis of the data of [Re(I)(CO)3(bpy)] is 

summarized in figure S7, where panels a) through d) present, respectively, the singular values 

retained in the analysis, their corresponding spectral Ui and temporal Vi
T basis sets together 

with the fitted curves using the aforementioned kinetic model, and the selected single-



15

wavelength kinetic traces of the unreduced data set fitted using the same kinetic model. To 

better point out the weight of each spectral basis to the spectral decomposition (see eq. SI.3), 

they are multiplied by the relative singular value (see panel (a)). We have limited the analysis 

to wavelengths longer than 470 nm to avoid possible artefacts from the presence of the 

solvent Raman peak.

The analysis resulted in three dominant SVD components. Their spectral and kinetic parts 

are shown in figure S7c, respectively. To extract from them the spectral distribution of each 

involved state (see scheme I in the article) we calculated the DASs accordingly to eq. SI.3. In 

figure S8, we show them for all the samples (panel (d) shows the same results as Fig. 5 in the 

article). The all show a broad band at ~530 nm decaying with τ1; an intermediate band at 

570-620 nm associated to τ2, and the weakest and red-most trace corresponding to the

phosphorescence (τph = ∞).

According to the model proposed in the article (see scheme I and related discussion) the 

first component corresponds to the fluorescence from the directly populated, first excited 

singlet b1A’ state; the second and third components are populated from the singlet state and 

correspond to the emission from the third triplet b3A’’ and first triplet a3A’’ state emissions, 

respectively.
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Figure S7. SVD decomposition of the fluorescence up-conversion data of [Re(I)(CO)3(bpy)] in acetonitrile upon 
400 nm excitation. Panel (a): singular values as obtained upon the decomposition (marks indicate the retained 
values), where the inset zooms into the initial 10 values to show better the noise cut-off of the singular values. 
Panel (b): spectral (Ui) basis vectors used in the data reconstruction multiplied by the relative singular value (see 
panel (a)). Panel (c) presents the temporal (Vi

T) basis along with the global fit results of the SVD kinetics (see 
eq. SI.2), for sake of clearness they are vertically shifted. In (d) the kinetic traces at 3 selected wavelengths are 
displayed together with their fits to the global kinetic model (eq. SI.2) discussed in the article (see Scheme I)
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Figure S8. Decay Associated Spectra (DAS) for the Etpy-, Cl-, Br- and I-containing samples in acetonitrile 
(panel a) to d), respectively). Each panel shows three DASs which have been assigned to the luminiscence from 
the first excited singlet b1A’ state, the third triplet b3A’’ and the first triplet a3A’’, labelled τ1, τ2 and τph, 
respectively (see Scheme I and relevant discussion in the article). We explicitly wrote τph = ∞ to stress that the 
third component correspond to a long-lasting phosphorescence.
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